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ABSTRACT 

 The cellulose enzymatic hydrolysis is carried out by the synergistic action of cellulase 

enzyme complex, namely endo-glucanase, exo-glucanase and β-glucosidase (BGL). BGL is 

responsible for the regulation of the cellulolytic process as both endo- and exo-glucanase 

activities are often inhibited by cellobiose. In recent years, interest in BGL has gained 

momentum, owing to its potential use in various biotechnological processes including biomass 

degradation, fuel ethanol production, release of aromatic residues, extraction of fruit juices, 

production of fermented foods etc. A. niger is by far the most efficient BGL producer among the 

microorganisms investigated. To cope with the current industrial demand it is necessary to 

produce BGL with improved catalytic and kinetic properties. The current report deals with the 

development of A. niger strain through gamma rays treatment. Hyper producer mutant M-6 was 

selected on the basis of 2-deoxy-D-glucose resistance, which showed about two fold higher 

production of BGL as compared to control. Both the parent and mutant had shown best results 

with 3% wheat bran at 30 °C and pH 5. Random mutagenesis resulted in mutations within the 

BGL gene sequence, leading to overall conformational change in BGL secondary structure. The 

subunit and native molecular mass of the BGLs from parent and mutant were same i.e. 130 and 

252 kDa, respectively. LC-MS/MS analysis also confirmed the identity of protein bands as BGL 

from both strains with a slight difference in molecular masses. The mutant BGL proved to be 1.6 

fold efficient for cellobiose hydrolysis with lower activation energy (Ea) and thermodynamically 

more stable against denaturants than parent BGL. The mutant BGL gene was also expressed in 

Pichia pastoris and the recombinant BGL possessed similar characteristics as that of the mutant 

BGL. Effect of metals on parent and mutant BGLs showed that Ca2+ decreased the Ea, resulting 

in efficient formation of ES*-complex as compared to apo-BGL, while, Mn2+ decreased the Ea at 

lower metal concentrations only. The heat of ionization for the acidic and basic limbs of the apo-

BGL reduced significantly in the presence of Ca2+ and Mn2+. The turnover (kcat) of apo-BGL 

showed an increase in the presence of low concentrations of Ca2+ and Mn2+. The BGL activation 

mechanism by Ca2+ was of mixed nature where Ca2+ was preferably binding with free enzyme, 

while Mn2+ was preferably binding with ES*-complex rather than free enzyme (partially un-

competitive). Ca2+- and Mn2+- bound BGL also showed higher thermo-stability as compared to 

apo-BGL. Immobilization of BGL through entrapment on latex and silicone resulted in an 

increase in optimum temperature and thermal stability than the free enzyme. The immobilized 

BGL also increased the cellulose hydrolysis rate with more than 70% functional stability after 

multiple reuses. The current study has resulted in a highly stable and catalytically active BGL 

enzyme which may have substantial applications in biofuel and biorefinery industries.  
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Chapter-01 
 

Introduction and Review of Literature 

 
Enzymes are a sustainable alternative to the use of harsh chemicals in industry. In 

recent years their applications have gradually extended from research & development to a 

variety of industrial fields such as pharmaceutical, food, brewing, textile and detergent 

industries. The major advantages of using enzymes instead of inorganic catalysts include: 

high specificity and catalytic efficiency, water solubility, biodegradability, less or no toxicity 

and requirement of mild operational conditions of pH, temperature, pressure (Daoud et al., 

2010) etc. They can often carry out reactions which are not even possible with conventional 

chemical catalysts and thereby provide novel benefits. They are produced from renewable 

resources and even the excess biomass from the production of enzymes is renewable as it is 

transferred to agricultural land as soil conditioners and fertilizers. The industrial leaders in 

enzyme production are Novozymes, DSM, and Genencor-Danisco. Not surprisingly these 

companies are also leaders in research (Lubertozzi and Keasling, 2009). Novozymes is the 

largest supplier with an estimated market share between 41 and 44% of the industrial enzyme 

market in 1999. Genencor-Danisco, which operates in technical and feed segment and DSM 

with focus on food and feed, had (according to the estimates of Novozymes) market shares of 

around 21% and around 8%, respectively, that year. The rest of the market is divided among 

a few smaller enzyme producers, some of which produce enzymes for their own use, in the 

US, Canada, Europe and Japan as well as a number of local producers in China (Schäfer et 

al., 2007). 

During the recent era major initiatives in the industrial enzyme’s research and 

development have been taking place; resulting in the improvement and development of many 

new products. Due to the application of enzymes, the performance in the several existing 

industrial processes has also been improved. In Business Communications Company survey 

of 2008, it was estimated that the global market for industrial enzymes has increased from 2.2 

billion $ in 2006 to 2.3 billion $ by the end of 2007 and it should reach 2.7 billion $ by 2012 

with a compound annual growth rate (CAGR) of 4% (Table-1.1). The greatest growth rate is 

expected in the animal enzymes sector, with a CAGR of 6% between 2007 and 2012 

(Thakore, 2008). 
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Table-1.1: Application sector based global enzyme market, through 2012 ($ millions).  

Application sector 2005 2006 2007 2012 
% CAGR  
2007-2012 

Technical Enzymes 1,075 1,105 1,140 1,355 3.5 

Food Enzymes 775 800 830 1,010 4.0 

Animal Feed Enzymes 240 260 280 375 6.0 

Total 2,090 2,165 2,250 2,740 4.0 

Source: Enzymes for Industrial Applications, Report ID: BIO030E, Published: January 2008. Analyst: Yatin 
Thakore, Business Communications Company, Inc. (http://www.bccresearch.com/report/BIO030E.html) 

 

1.1.Cellulases and their Applications 

1.1.1. Structure of cellulose 

Cellulosic biomass, also referred as lignocellulose, has a complex structure which is 

composed of approximately 45% cellulose, 30% hemicellulose and 25% lignin on dry weight 

basis, depending on material source. Cellulose is considered to be the most abundant and 

renewable biomass on earth, found almost exclusively in plant cell walls (90% of cotton and 

50% of wood is composed of cellulose). It is also produced by a few bacteria and fungi, some 

animals (e.g. tunicates) and most algae. It is a linear polymer of D-glucose units linked by 

1,4-β-D-glucosidic bonds (Fig-1.1). It is composed of fibrous bundles of crystalline cellulose 

encased in polymeric matrix of hemicelluloses and lignin. The basic repeating unit of the 

cellulose is disaccharide, cellobiose. The secondary and tertiary conformation of cellulose 

along with its close association with hemicellulose, lignin, starch, protein and mineral 

elements make it rigid (Lynd et al., 2002; Senthilkumar and Gunasekaran, 2005; Watanabe 

and Tokuda, 2010; Suvorov et al., 2011). The second most abundant constituent of 

lignocellulosic biomass, hemicellulose, is not a chemically well-defined compound but rather 

a family of polysaccharides, composed of different 5- and 6-carbon monosaccharide units, 

that links cellulose fibers into microfibrils and cross-links with lignin, creating a complex 

network of bonds that provide structural strength. Xylan is the major hemicellulose polymer 

present in cereals and hardwood. The backbone in xylan consists of a β-1,4-linked D-xylose 

which can be substituted by different side groups such as L-arabinose, D-galactose, acetyl, 

feruloyl, p-coumaroyl and glucuronic acid residues (commonly called xyloglucans). Another 

commonly found hemicellulose structure in soft- and hardwoods is (galacto) glucomannan, 
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which consists of a backbone of β-1,4-linked D-mannose and D-glucose residues with D-

galactose side groups (mixed linkage β-glucans). The interactions of xyloglucans with 

cellulose microfibrils through hydrogen bonds contribute to the structural integrity of the 

cellulose network (Vries and Visser, 2001). 

Lignin is a three dimensional polymer of phenylpropanoid units that can be 

considered as the cellular glue providing the plant tissue and the individual fibers with 

compressive strength and the cell wall with stiffness, in addition to providing resistance to 

insects and pathogens (Rubin, 2008; Watanabe and Tokuda, 2010). Additionally, pectins and 

structural proteins are found in most plant cell walls. Pectins form another group of 

heteropolysaccharides and consist of a backbone of α-1,4-linked D-galacturonic acid 

residues. Structural proteins (glycoproteins) are classified as hydroxyproline-rich 

glycoproteins (HRGP), arabinogalactan proteins (AGP), glycine-rich proteins (GRPs) and 

proline-rich proteins (PRPs). Hence, the hemicelluloses, pectin polysaccharides and lignin 

altogether interact with the cellulose fibrils for creating a rigid and strong plant cell wall 

structure (Vries and Visser, 2001; Watanabe and Tokuda, 2010). 

 

 

 

Fig-1.1:  Structure of cellulose (Genomics: GTL Roadmap, U.S. Department of Energy Office of 
Science, August 2005, http://genomics.energy.gov). 
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Six polymorphs of cellulose (I, II, III1, III11, IV1 and IV11) have been documented 

(O'Sullivan, 1997). It is well known that native cellulose molecules (cellulose I, the form 

found in nature) are found in fibril form, and that its molecular architecture has a high degree 

of individuality, depending on its source (cell wall layer or plant type). Microfibrils are 

unbranched fibrils composed of approximately 30-36 glucan chains aggregated laterally by 

means of hydrogen bonding and van der Waals forces to produce crystalline structures. The 

native cellulose is not perfectly crystallized; the degree of crystallinity is 50-90% (Gan et al., 

2003). Within cellulose fibers there exists crystalline regions, which are enzymatically 

resistant, and the remainder comprises the relatively easily hydrolysable amorphous 

(paracrystalline) areas (Teeri, 1997). Microcrystalline cellulose has been shown to be made 

up of two different crystal phases: Iα and Iβ. Although considerable progress has been made 

in elucidating the crystal structures of cellulose in microfibrils, they are still not well 

understood (Arantes and Saddler, 2010). Cellulose II can be obtained from cellulose I by 

regeneration or merceration. Celluloses III1 and III11 are formed from celluloses I and II by 

liquid ammonia treatment. While, polymorphs IV1 and IV11 may be prepared by heating 

celluloses III1 and III11. 

1.1.2. Hydrolysis of cellulose and synergistic action of cellulases 

Cellulose can be hydrolyzed by enzymes or acids. In nature, the enzymatic hydrolysis 

of cellulose is carried out by the synergistic action of cellulases. Cellulases are glycoside 

hydrolases (GHs): enzymes involved in the hydrolysis and synthesis of glycosidic bonds 

between carbohydrates, or between carbohydrate and non-carbohydrate moieties. These 

enzymes were discovered during World War II, when the U.S. army noticed the deterioration 

of cellulosic materials including clothing, tents and sand bags, in the South Pacific region. 

Several organizations within the army set up laboratories to find an immediate solution to this 

problem, resulting in the isolation of a parent strain QM6a from a shelter remains and 

identification as Trichoderma viride which was later on recognized as Trichoderma reesei 

(Bhat and Bhat, 1997; Tolan and Foody, 1999). Discovered four decades ago by Reese and 

Mandels (1971), the cellulolytic enzyme system secreted by the filamentous fungus 

Trichoderma reesei (synonym Trichoderma viride) has been a reference cellulolytic system 

against which cellulolytic enzymes from other fungal species have been compared. 

Cellulases hydrolyze cellulose into soluble sugars. It is multicomponent enzyme 

system consisting of three different enzymes (Fig-1.2) namely; endoglucanases 

(endocellulases; E.C. 3.2.1.4), exoglucanases (exocellulases, including cellobiohydrolases, 

E.C. 3.2.1.91 & 176 and cellodextrinases, EC 3.2.1.74) and β-glucosidases (E.C. 3.2.1.21). 
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Endoglucanases randomly cleave the β-1,4 glycosidic linkages at internal amorphous sites in 

the cellulose polysaccharide chain generating oligosaccharides of various lengths and 

consequently new chain ends, while exoglucanases act in a processive manner on the 

reducing or nonreducing chain ends of cellulose polysaccharide, liberating either glucose (by 

glucanohydrolases) or a β-1,4 linked dimer of glucose, a cellobiose (by cellobiohydrolase) as 

major products. Finally, β-glucosidases then hydrolyse these cellobiose into two molecules of 

glucose (Lynd et al., 2002; Javed et al., 2009; Chauve et al., 2010; Watanabe and Tokuda, 

2010; Vieira et al., 2011). In fact, enzymatic hydrolysis of cellulose is a six-step complex 

process, the last step being a homogeneous catalysis reaction involving the action of β-

glucosidase on cellobiose. β-Glucosidase is an important enzyme to ensure that bioconversion 

of cellulose to glucose is more complete; this step relieves product inhibition of endo- and 

exoglucanase activities. Thus the function of β-glucosidase is not only to produce glucose 

from cellobiose but it also reduces the cellobiose inhibition, resulting in efficient functioning 

of endoglucanase and exoglucanase (Castro et al., 2010; Job et al., 2010; Xu et al., 2011). In 

addition, the produced glucose also inhibits cellulolysis, although to a lesser extent (Gurgu et 

al., 2011).   

 

 

Fig-1.2: Synergistic action of cellulases (Watanabe and Tokuda, 2010). 
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However, untreated lignocellulosic biomass is naturally very recalcitrant to enzymatic 

hydrolysis and consequently, a substantial amount of enzyme would be required for efficient 

direct conversion into fermentable sugars. The recalcitrant nature of cellulose is attributed to 

many factors including the crystallinity of cellulose, accessible surface area and presence of 

lignin and hemicellulose. Therefore, prior to saccharification, it may be pretreated to loosen 

the interaction between lignin, cellulose and other wall polysaccharides (hemicelluloses) as 

well as to increase the surface area for accessibility of enzymes to cellulose. There are 

various physical, physico-chemical, chemical and biological pretreatment regimes that can be 

utilized before subjecting the biomass to cellulolytic enzymes e.g. steam explosion, ammonia 

fibre⁄freeze explosion, acid- or base-catalysed hydrolysis, liquid hot water pretreatment 

(Harris and DeBolt, 2010) etc. However, these pretreatments are considered to be: 

unsatisfactory, inefficient, dangerous, result in decomposed sugar and known to produce 

toxic wastes (Sun and Cheng, 2002). 

 The cost of enzymatic hydrolysis of cellulose is low as compared to acid or alkaline 

hydrolysis because enzyme hydrolysis is usually carried out at mild conditions (pH 4.8 and 

temperature 45-50 °C) and does not have a corrosion problem (Sun and Cheng, 2002; Job et 

al., 2010). The factors that affect the enzymatic hydrolysis of cellulose include type of 

substrate, cellulase specific activity, unproductive binding to lignin and reaction conditions 

(temperature, pH, as well as other parameters). To improve the yield and/or rate of the 

enzymatic hydrolysis, research has focused on optimizing the hydrolysis process and/or 

enhancing cellulase activity. A wide variety of bacteria (e.g. Clostridium, Cellulomonas, 

Bacillus, Thermomonospora, Ruminococcus, Bacteroides, Erwinia, Acetovibrio, 

Microbispora, Streptomyces etc.) and fungi (e.g. Sclerotium rolfsii, Phanerochaete 

chrysosporium and species of Trichoderma, Aspergillus, Schizophyllum, Penicillium etc.) can 

produce cellulases. These organisms can be aerobic or anaerobic, mesophilic or thermophilic. 

Although many cellulolytic bacteria, particularly the cellulolytic anaerobes such as 

Clostridium thermocellum and Bacteroides cellulosolvens produce cellulases with high 

specific activity but they do not produce high levels of enzymes. Due to low growth rates and 

requirement of anaerobic growth conditions for anaerobes, most of the research for 

commercial cellulase production has focused on fungi. Of all fungal genera, Trichoderma has 

been extensively studied for cellulase production (Sun and Cheng, 2002). 

Cellulases are composed of domains or modules which are independently folded, 

structurally and functionally discrete units (Henrissat et al., 1998). A free cellulase may 

composed of a carbohydrate binding domain (CBD) joined to the catalytic domain through a 
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short linker region. The overall binding efficiency of the enzyme is much enhanced by the 

presence of the CBD and the enhanced binding clearly seems to correlate with better activity 

towards insoluble cellulose. Mode of action of cellulases may be either inverting or retaining 

on the basis of the configuration of anomeric carbon. At least two amino acids with carboxyl 

groups located within the active site are responsible for acid-base catalysis. 

Cellobiohydrolases (exocellulases) are exo-acting enzymes as they cleave β-1,4 glycosidic 

bonds from cellulosic chain ends and have a tunnel-shaped closed active site which retains a 

single glucan chain, preventing it to re-adhere to the cellulose crystal. On the other hand, 

endoglucanases (endocellulases or cellulases) are endo-acting cellulases as they cleave the β-

1,4 glycosidic bonds internally and have cleft-shaped open active sites. However some 

cellulases have been found to have both exo- and endo-acting capabilities. Thus 

cellobiohydrolases are described as active on the crystalline regions of cellulose and 

endoglucanases are typically active on the more soluble amorphous regions of cellulose 

(Watanabe and Tokuda, 2010; Karmakar and Ray, 2011). 

1.1.3. Applications of cellulases 

The dawn of cellulase biotechnology is traced back to early 1980s, first in animal feed 

followed by food applications. During the last two decades, the use of cellulases has 

increased considerably in industries like pulp & paper industry and especially in textile 

industry as an agent for fiber and fabrics modifications. In detergents, cellulases can boost 

cleaning performance and provide fabric care benefits along with fabric rejuvenation effect 

(Tolan and Foody, 1999; Schäfer et al., 2007; Karmakar and Ray, 2011). In the food industry, 

these enzymes have been applied during the extraction of seed oil. Since the utilization of 

cellulosic biomass as a renewable resource has a great potential, therefore, bioconversion of 

lignocellulosic substrates to the soluble sugars with the help of cellulases has been 

extensively studied for reducing emissions of carbon dioxide and there by prevents global 

warming (Daoud et al., 2010). Other areas of application include waste management, 

medical/pharmaceutical industry, protoplast production, genetic engineering, pollution 

treatment (Bhat and Bhat, 1997; Karmakar and Ray, 2011) etc. 

1.2. β-Glucosidases 

1.2.1. Introduction 

β-glucosidases (BGL; β-D-glucopyranoside glucohydrolases; synonyms; gentiobiase, 

cellobiase, emulsin, elaterase, aryl-β-glucosidase, β-D-glucosidase, β-glucoside 

glucohydrolase, arbutinase, amygdalinase, 4-nitrophenyl β-glucosidase, primeverosidase, 

amygdalase, limarase, salicilinase, β-1,6-glucosidase; E.C. 3.2.1.21) consist of a group of 
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well characterized enzymes that are present in all domains of living organisms (Archaea, 

Eubacteria and Eukarya) and catalyzes the transfer of glycosyl group between oxygen 

nucleophiles as well as hydrolyzes β-linked glycosidic bonds from glycosides (di-glucosides 

including cellobiose; aryl glucosides) and oligosaccharides (Bohlin et al., 2010; Cairns and 

Esen, 2010) to release non-reducing terminal glucosyl residues. 

1.2.2. Classification of β-glucosidases 

The abundance of non-reducing terminal β-linked D-glucosyl residues in nature has 

resulted in many ‘Enzyme Commission’ (E.C.) numbers for enzymes despite the 

straightforward definition of β-glucosidases; that hydrolyze their glycosidic bond e.g. 

glucosyl ceramidases or glucocerebrosidases (E.C. 3.2.1.45), glucan 1,4-β-glucosidases (E.C. 

3.2.1.58), glucan 1,3-β-glucosidases (E.C. 3.2.1.74), steryl-β-glucosidase (E.C. 3.2.1.104), 

strictosidine β–glucosidase (E.C. 3.2.1.105), amygdalin hydrolase (E.C. 3.2.1.117), prunasin 

hydrolase (E.C. 3.2.1.118), vicianin β-glucosidase (E.C. 3.2.1.119), raucaffricine β-

glucosidase (E.C. 3.2.1.125) and coniferin β-glucosidase (E.C. 3.2.1.126). The additional 

activities often exhibited by β-glucosidases include β-D-fucosidase (E.C. 3.2.1.38), β-D-

galactosidase (E.C. 3.2.1.23), β-D-mannosidase (E.C. 3.2.1.25) and β-disaccharidase e.g. β-

apiosyl-β-D-glucosidase (E.C. 3.2.1.161).  

The enzyme name and its corresponding E.C. number(s) have limitations such as 

telling us little about mechanism of enzyme action, its three dimensional structure and 

relationship to other enzymes especially glycoside hydrolases. It’s also quite possible that one 

enzyme may hydrolyze several related substrates. Therefore, the need for an alternative 

classification system is obvious and has been developed for glycoside hydrolases based on 

similarity of amino acid sequence and corresponding structure (Henrissat, 1991; Henrissat 

and Davies, 1997; Cantarel et al., 2009). This system classifies all the enzymes with overall 

amino acid sequence similarity and well conserved sequence motifs within the same family. 

At this writing, more than 122 glycoside hydrolase families are listed in the frequently 

updated Carbohydrate Active EnZYmes (CAZY) database (http://www.cazy.org; Cantarel et 

al., 2009). 

 β-glucosidases, that have been described in literature are classified on the basis of 

their amino acid sequences into glycoside hydrolase (GH) families of GH1, GH3, GH9, 

GH30 and GH116, while some other β-glucosidases still remain to be classified (e.g. human 

bile acid β-glucosidase/GBA2 glucocerebrosidase and its relatives). GH1 comprises of β-

glucosidases from archaebacteria, plants and mammals and also mostly show significant β-

galactosidase activity. GH3 comprises β-glucosidases of bacterial, fungal and yeast origin, 



Chapter 01                                                                     Introduction & Review of Literature 

 9

which are active on different type of related substrates (Dan et al., 2000; Bhatia et al., 2002). 

In a clan, the enzyme families that have similar catalytic domain structures and conserved 

catalytic amino acids are grouped together. This classification is suggestive of a common 

ancestry and catalytic mechanism within the clan (Henrissat, 1991; Henrissat and Davies, 

1997). The GH1 and GH30 β-glucosidases fall in GH Clan A, which consists of proteins with 

(β/α)8-barrel structures. While, the active site of GH3 enzymes comprises of two domains and 

GH9 enzymes have (α/α)6-barrel structures (Cairns and Esen, 2010). The structure of GH116 

enzymes is still unknown. 

 GH3 is believed to be the best cellobiose hydrolyzing enzymes but are also active on 

other soluble celloligosaccharides. BGL from the GH3 family is a critical component in 

enzyme mixtures used for saccharification of biomass (Bhatia et al., 2002). Its role is to 

hydrolyze the β-1,4 glycosidic bond of soluble celloligosaccharides, which are liberated from 

the insoluble substrate through the action of hydrolyzing enzymes including 

cellobiohydrolases (exoglucanases) and endoglucanases (Zhang and Lynd, 2004). 

1.2.3. β-Glucosidase crystal structure and mechanism of action 

 The GH3 β-glucosidases and exoglucanases have a two-domain structure, a (β/α)8-

barrel followed by an α/β sandwich comprising a 6-stranded β-sheet sandwiched between 

three α-helices on either side (Varghese et al., 1999). The active site of GH3 enzymes is 

situated between the (β/α)8 and (α/β)6 sandwich domains, each of which contributes one 

catalytic carboxylate residue. Glycoside hydrolases perform catalysis using two mechanisms, 

one with inversion and one with retention of chirality at the anomeric carbon (Park et al., 

2002). Both of these mechanisms use a pair of acidic and nucleophilic residues, usually 

carboxylic acids, on either side of the sugar, approximately 5 Å apart in the retaining 

mechanism and 10 Å apart in the inverting mechanism, in which a water molecule must fit 

between the catalytic base and the substrate. Most β-glucosidases that have been 

characterized (i.e., GH1, GH3, and GH30 enzymes) are retaining enzymes (since their 

product, β-D-glucose, retains the same anomeric configuration as the substrate, β-D-

glucoside), performing the catalysis in two steps, glycosylation and deglycosylation (Fig-1.3).  
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Fig-1.3: Hydrolytic mechanism for a retaining β-glucosidase (Koshland, 1953; Cairns and Esen, 
2010). 

 
In glycosylation step, the aglycone departs with the donation of a proton from the 

catalytic acid/base and nucleophilic attack of the catalytic nucleophile on the anomeric 

carbon, to yield an α-linked covalent enzyme-glycone intermediate. In the deglycosylation 

step, the process is reversed, as a water molecule attacks with basic assistance from the 

catalytic acid/base to displace the catalytic nucleophile from glucose (hydrolysis). Both the 

formation and the hydrolysis of this intermediate is proceed with substantial oxocarbenium 

ion (carbo-cation) character via transition states (Dan et al., 2000; Li et al., 2001; Chir et al., 

2002; Turner et al., 2007; Cairns and Esen, 2010; Cobucci-Ponzano et al., 2011). When 

acceptors different from water intercept the enzyme-glycone intermediate, transglycosylation 

reaction occurs, which allows regio- and stereo-specific control of the carbohydrate synthesis 

(Cobucci-Ponzano et al., 2011). 

Based on sequence and phylogenetic analyses, GH3 can be divided into several 

clusters that differ in the length of their primary sequences (Harvey et al., 2000). However, 

structural data on representatives of GH3 are still scarce, since only six of their structures 

from different domains of life are known. The first was the two-domain β-glycosidase; β-
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glucan exohydrolase (E.C. 3.2.1.58, 605 amino acids) from barley plant [Hordeum vulgare: 

Protein Data Bank (PDB) ID: 1EX1] in complex with glucose (Varghese et al., 1999), as well 

as with eight other analogues (PDB IDs: 1X38, 1X39, 1LQ2, 1J8V, 1IEQ, 1IEV, 1IEW, and 

1IEX) (Hrmova et al., 2001; Hrmova et al., 2004; Hrmova et al., 2005). β-Hexosaminidase 

(E.C. 3.2.1.52, 341 amino acids) from bacterium Vibrio cholerae (PDB IDs: 1TR9 and 

1Y65), which has one domain (Turner et al., 2007); β-hexosaminidase (E.C. 3.2.1.52, 642 

amino acids) from bacterium Bacillus subtilis (PDB IDs: 3BMX and 3CQM), which has two 

domains (Litzinger et al., 2010); exo-1,3/1,4-β-glucanase (E.C. 3.2.1.-, 822 amino acids) 

from bacterium Pseudoalteromonas sp. BB1 (PDB ID: 3F93), which has two domains; an 

intracellular β-glucosidase (E.C. 3.2.1.21, 845 amino acids) of family 3 from yeast 

Kluyveromyces marxianus (PDB IDs: 3AC0 and 3ABZ); which has an additional unique 

PA14 domain for carbohydrate-binding (Yoshida et al., 2009; Yoshida et al., 2010), have 

also been deposited in the PDB. Recently the crystal structure of the thermostable β-

glucosidase (E.C. 3.2.1.21, 721 amino acids) from bacterium Thermotoga neapolitana (PDB 

IDs: 2X40, 2X41 and 2X42) had been determined at a resolution of 2.05 Å (Pozzo et al., 

2010) and selected active-site mutants had been characterized kinetically. The structure of the 

mutant D242A was presented at 2.1 Å resolution. T. neapolitana β-glucosidase is the first 

example of a GH3 glucosidase with a three-domain structure (Fig-1.4). It is composed of an 

(α/β)8 domain having similarity to a triose phosphate isomerase barrel, a five-stranded α/β 

sandwich domain (both of which are important for active-site organization) and a C-terminal 

fibronectin type III domain of unknown function. The direction of the second β-strand of the 

triose phosphate isomerase barrel domain is reversed, which has implications for the active-

site shape. At the interface of domains 1 and 2, the active site is much more open for solvents 

than the corresponding site in the structurally homologous enzyme from barley and only -1 

site is well defined. The structures allow the identification of essential catalytic residues (the 

nucleophile D242 and the acid/base E458) in combination with kinetic studies of active-site 

variants, as well as other residues at the -1 subsite, including D58 and W243, which, by 

mutagenesis, are shown to be important for substrate accommodation/interaction. The 

position of the fibronectin type III domain excludes a direct participation of this domain in 

the recognition of small substrates; however it may be involved in the anchoring of the 

enzyme on large polymeric substrates and in the thermostability. 
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Fig-1.4:  Structure of β-glucosidase 3B from Thermotoga neapolitana in complex with alpha-
D-glucose (Pozzo et al., 2010). 

 
However, the resolved structures of family 3 enzymes so far vary considerably with 

respect to molecular size and phylogenetics. Although the catalytic nucleophile residue Asp-

261 (D261, amino acid numbering according to mature β-glucosidase enzyme of Aspergillus 

niger) within the sequence VMSDW of family 3 enzymes is conserved, it is presently still 

impossible to locate the catalytic acid/base residue based on sequence homology due to low 

sequence conservation (Dan et al., 2000; Chir et al., 2002; Murray et al., 2004). Such 

absolute conservation of catalytic nucleophile residue is consistent with its key role in 

forming the covalent glycosyl-enzyme intermediate, stabilizing the oxocarbenium ion-like 

transition state, modulating the ionization state of the catalytic acid/base residue and forming 

a strong hydrogen bond to the sugar 2-hydroxy group at the transition state (Parry et al., 

2001). It is very likely that different sub-families may have unique general acid/base catalytic 

residues. This argument can only be evaluated through studies on enzymes from both the 

same and different sub-families (Li et al., 2002; Turner et al., 2007). Apart from catalytic 

residues, a number of other important residues within the BGL sequence have been reported 

for substrate recognition/accomodation, hydrolytic and transglucosidic activity (Chir et al., 

2002; Seidle et al., 2005; Pozzo et al., 2010; Yoshida et al., 2010). 

1.2.4. Industrial applications of β-glucosidases  

In recent years, interest in β-glucosidase has again gained momentum, owing to its 

potential use in various biotechnological processes including degradation of biomass and fuel 

ethanol production from cellulosic agricultural residues (Jager et al., 2001; Job et al., 2010), 

as a reporter protein for in vitro cellular and whole organism studies (McCutcheon et al., 
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2010), removal of the aglycone moiety from flavanoids and isoflavanoid glucosides (which 

are phenolic and phytoestrogen glucosides that occur naturally in fruits, vegetables, tea, red 

wine and soybeans), detoxification of cassava, aroma enhancement, removing bitter 

compounds from citrus fruit juices or unripe olives, use of a non-toxic enzymic preparation 

‘Barlican’ from Trichoderma reesei (containing cellulose hydrolyzing enzymes) as a feed 

additive (Ghorai et al., 2010), release of aromatic residues in the flavor industry, extraction of 

fruit juices and oil from seeds, production of fermented foods (such as Kao-liang chiu liquor, 

miso, soy sauce, vinegar ), gelatinization of seaweeds and extraction of agar, synthesis of β-

glucosides and improving the digestibility of feed in the animal feed industry (Bhat and Bhat, 

1997; Bhatia et al., 2002; Job et al., 2010). Beside flavor enhancement; foods, feeds and 

beverages may be improved nutritionally by release of vitamins, antioxidants and other 

beneficial compounds from their glycosides (Cairns and Esen, 2010; Mai and Thanh, 2010). 

1.2.5. Biological functions of β-glucosidases  

As it is a ubiquitous enzyme occurring in all living kingdoms, ranging from bacteria 

to plants and mammals, it plays a variety of biological functions. In micro-organisms, this 

enzyme is usually found as part of the cellulose-degrading enzyme complex to produce 

glucose from plant biomass, or in breaking through plant cell walls to establish pathogenic or 

symbiotic relationships. Bacterial β-glucosidase is often a component of large complexes 

called cellulosomes (Fig-1.5) that contain polysaccharide degrading endoglucanases and 

carbohydrate binding proteins to localize the complex to the cellulose surface and the cell 

membrane (Doi and Kosugi, 2004; Watanabe and Tokuda, 2010; Karmakar and Ray, 2011).  

 

Fig-1.5: Schematic representation of the structure of the cellulosome present in a bacterial cell 
membrane (Karmakar and Ray, 2011). 
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In insects and plants, it is involved in: the release of cyanides from cyano-glucoside 

precursors (acting as part of a defense system); lignifications; catabolism of cell wall 

oligosaccharides; phytohormone conjugate activation; symbiosis; signaling; pigments and 

secondary metabolism; release of volatiles from glycoside storage forms (including flower 

scent and attractants for parasitic wasp); as well as both sides of plant-microbe and plant-

insect interactions. In animals (mammals) it plays an important role in breakdown of 

glycolipids and exogenous dietary glucosides (Berrin et al., 2002; Nakkharat and Haltrich, 

2006; Cairns and Esen, 2010; Mai and Thanh, 2010; Kara et al., 2011). In addition, a group 

of related family GH1 proteins are also thought to play signaling functions. Perhaps the best-

studied mammalian β-glucosidase is the human acid β-glucosidase, which is generally 

considered a glucosyl ceramidase. Defects in the function of this enzyme and its transport to 

the lysosome lead to Gaucher disease, in which glycoceramides accumulate in the lysosomes 

of tissue leukocytes leading to their engorgement and buildup in the tissues (Butters, 2007). 

1.2.6. Reverse hydrolysis and transglycosylation applications of β-glucosidases   

In addition to their catalysis of hydrolysis, β-glucosidases also catalyze reverse 

hydrolysis and transglycosylation reactions, which can be used to synthesize oligosaccharides 

and glycosides of interest (Crout and Vic, 1998; Bhatia et al., 2002; Hong et al., 2007; Job et 

al., 2010). Glycosidase-catalyzed transglycosylation is a promising alternative to classical 

chemical glycosylation methods because enzymatic glycosylation is particularly useful for 

the modification of complex biologically active substances, when generally harsh conditions 

or use of toxic catalysts (heavy metals) are undesirable. Such enzymes may be especially 

useful in the food domain or cosmetics areas where adopting synthetic chemistry is 

sometimes not acceptable (Baik and Lee, 2009; Park et al., 2011). Synthetic activity of β-

glucosidase has potential applications in preparations of agrochemicals and drugs. Alkyl 

glucosides are used as non-ionic and biodegradable surfactants, as well as serving as 

precursors for the synthesis of other pharmaceutical compounds (Ghorai et al., 2010). A large 

number of well characterized glycosyltransferases catalyze the transfer of sugars from 

nucleoside-diphosphate intermediates to mono-, oligo- and polysaccharide acceptor moieties. 

The main advantage of using β-glucosidase over glycosyltransferases in such applications is 

that the β-glucosidase does not require any involvement of expensive/unstable nucleotide 

sugar precursors (Langston et al., 2006). Enzymes possessing transglycosylation properties 

are in high demand for the production of bioactive compounds. An example is a 

glycopeptides synthesized with the aid of endo-β-N-acetylglucosaminidase from Mucor 

hiemalis (Umekawa et al., 2008). Enhanced transglycosylation activity by construction of 
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chimeras between mesophilic and thermophilic β-glucosidase was also obtained from highly 

thermostable strain Thermotoga maritime and mesophilic strain Cellvibrio gilvus (Goyal et 

al., 2002).  

1.3. Microbial Strain Development, Production and Growth Optimization 

 In order to make the production of bio-ethanol an economically feasible process, the 

costs of the enzymes to be used for hydrolysis of the raw material need to be reduced and an 

increase in specific activity or production efficiency of cellulases is required (Camassola and 

Dillon, 2010). One obstacle associated with the higher production of cellulases is catabolite 

repression of cellulase genes. β-glucosidases are also important in the regulation of cellulase 

genes since they are the key enzyme in the synthesis of sophorose (two β-1,2-linked glucose 

units), an efficient inducer of the cellulolytic system (Murray et al., 2004; Amouri and 

Gargouri, 2006; Kamaruddin et al., 2008). One approach to alleviate this hindrance is the 

mutagenesis followed by selection on 2-deoxy-D-glucose (2DOG) to isolate β-glucosidase 

hyperproducer and catabolite repression resistant-mutants. This sort of mutation also confers 

enhanced production and secretion of proteins into the culture medium (Bokhari et al., 2008; 

Javed et al., 2011) by the inhibition of O-linked glycosylation pathway e.g. in T. reesei and 

mammals (Ghorai et al., 2010). Another reason is that the 2-deoxy-D-glucose is a toxic 

glucose analog, which, when incorporated into a suitable medium containing cellulose, 

causes catabolite repression of non-mutant strains, allowing only mutated strains resistant to 

this form of suppression to form colonies (Dillon et al., 2006; Javed et al., 2011).  

 Random mutagenesis through highly ionizable gamma rays for microbial strain 

development and to enhance the industrial enzyme productions from filamentous fungi have 

been applied in the past (Iftikhar et al., 2010; Awan et al., 2011). Gamma rays have the 

characteristics of: good cell penetration, precise doses, mutations within the genes through 

DNA repair mechanism (Lamb, 2000; Iftikhar et al., 2010) and most importantly result in 

highly persistent mutations (Parekh et al., 2000; Masurekar, 2005). Additionally to engineer 

the amino acid sequence of enzymes two broad approaches usually utilized are; rational 

design and directed evolution. Rational design utilizes the growing knowledge of enzyme 

structure and function to make one or more amino acid changes that are predicted to bring out 

the desired improvement to the enzyme function. While, directed evolution techniques 

imitate natural evolution processes such as random mutagenesis and sexual recombination. 

Just as the Nature has produced enzymes by the process of evolution without using 

‘knowledge’ of enzyme structure and function, directed evolution permits to engineer 

enzymes in the same way without understanding them in great detail (Dalby, 2007). 
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However, now-a-days protein improvement strategies mainly involve widely varying 

combinations of rational design along with random mutagenesis and screening (Kazlauskas 

and Bornscheuer, 2009). 

A detailed knowledge of the growth characteristics and the physiology of the fungus 

are required for the successful production of a fungal metabolite. Not only does the 

production of different metabolites require different physiological conditions but also each 

fungus is unique with respect to its morphological, anatomical and physiological 

characteristics. Thus, for each fermentation process, the precise physiological conditions and 

the correct stage of development must be established for maximal product formation. It is 

often stated that growth kinetics of filamentous fungi in submerged culture are quite similar 

to those of unicellular organisms that reproduce by binary fission (Papagianni, 2004). Shaken 

flask cultures with various carbon sources had been reported to be more efficient for the 

enzyme production from fungi (especially the genus Aspergillus) than solid state 

fermentation (Jager et al., 2001). In submerged culture, a large number of factors (type and 

concentration of carbon substrate, levels of nitrogen and phosphate, trace minerals, dissolved 

oxygen and carbon dioxide, pH and temperature etc.) contribute to the development of any 

particular morphological form and production of a specific metabolite. Additionally, in such 

bioreactors no foaming and/or cell flotation can be expected (Büchs, 2001). 

In the presence of the glycosylation inhibitors, 2-deoxy-D-glucose (1 mg ml-1), 

tunicamycin (30 µg ml-1), 1-deoxynojirimycin (30 µg ml-1) and D-glucono-δ-lactone (1 mg 

ml-1), total cellobiase activity, in the extracellular, intracellular and cell bound fractions, of 

the fungus Termitomyces clypeatus grown in 20 ml cellobiose medium (1% w/v) was 

increased by 50-, 1.8-, 2.4-, 1.3-fold, respectively, with respect to control medium (16.3 U). 

The inhibitors also stimulated secretion of 95% of the total protein in culture medium, except 

D-glucono-δ-lactone which released 60% of the total protein. The inhibitor 2-deoxy-D-

glucose (1 mg ml-1) led to production of extracellular cellobiase up to 40 U ml-1, whereas in 

absence of the inhibitors only 0.59 U ml-1 enzyme was detected (Mukherjee et al., 2006). 

In another study the β-glucosidase was produced from Termitomyces clypeatus in the 

presence and absence of 2-deoxy-D-glucose (1 mg ml-1) and purified from the culture 

medium by ultrafiltration and gel-permeation, ion-exchange and high-performance liquid 

chromatography. Its catalytic activity was six times higher as compared to the control 

enzyme. Km and Vmax of the purified enzyme were measured as 0.187 mM and 0.018 U mg-1, 

respectively using pNPG as the substrate. The enzyme had temperature and pH optima at 45 

°C and pH 5.4, respectively, and retained full activity in a pH range of 5-8 and temperatures 
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of 30-60 °C. Interestingly less glycosylated cellobiase was resistant towards proteolytic as 

well as endoglycosidase-H digestion and showed higher stability than native enzyme due to 

increased aggregation of the protein. The enzyme also showed higher specific activity in the 

presence of cellobiose and pNPG and less susceptibility towards salts and different chemical 

agents (Ghorai et al., 2010). 

1.4. Characteristics of β-glucosidases 

 Aspergillus niger (Fig-1.6) is widely used for the production of food ingredients, 

enzymes, organic acids (such as citric acid and gluconic acid), plant growth regulators and 

antibiotics (Lubertozzi and Keasling, 2009; Zia et al., 2010). It is a filamentous, non-

pathogenic fungus (Javed et al., 2009) that belongs to “Generally Recognized As Safe 

(GRAS)” group (Lubertozzi and Keasling, 2009).  

 

Fig-1.6: Aspergillus niger scanning electron micrograph showing asexual sporulation. 
 
 In addition, A. niger is also used in the paper and pulp industry as well as has the 

potential to be used in bioremediation (Hertz-Fowler and Pain, 2007; Lubertozzi and 

Keasling, 2009). It possesses an impressive number of carbohydrate-active enzyme (Table-

1.2) encoding genes, many of which participate in the degradation of plant polysaccharides 

(Vries and Visser, 2001; Ward et al., 2005; Andersen and Nielsen, 2009; Sales et al., 2011). 

It is by far the most efficient β-glucosidase producer among the microorganisms investigated 

(Dan et al., 2000; Kamaruddin et al., 2008; Sales et al., 2011). β-Glucosidases from A. niger, 

are generally supplemented to Trichoderma reesei cellulase preparations (Kaur et al., 2007; 

Chauve et al., 2010) and play an important role for industrial cellulosic saccharification.  

 However, different isolates of A. niger are reported to produce β-glucosidases of 

different physio-chemical properties (Table-1.3) like catalytic activity, thermostability, 
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optimum pH, optimum temperature (Dan et al., 2000; Jager et al., 2001; Vries and Visser, 

2001; Bhatia et al., 2002; Kamaruddin et al., 2008) etc. These observed differences could be 

due to amino acid sequence variations of β-glucosidases produced by different strains. Which 

may rose through evolution process resulted from their adaptation to different niches, hence, 

making it essential to investigate the biochemical and biophysical properties of these 

enzymes (from different A. niger isolates) for their unique features and useful applications in 

different industries (Kamaruddin et al., 2008).  

Table-1.2: Genes encoding endoglucanases, exoglucanases (cellobiohydrolases) and β-

glucosidases from Aspergillus niger. 

Enzyme 
Name* 

Gene 
Glycoside 
Hydrolase 

(GH) Family 

Database 
Accession 

No. 
Reference 

EGL 
eglA 

eglB 

12 

5 

AJ224451 

AJ224452 
Vries and Visser, 2001 

CBH 
cbhA 

cbhB 
7 

AF156268 

AF156269 
Gielkens et al., 1999. 

BGL bglA 3 AJ132386 Dan et al., 2000; Wang 
and Xia, 2011 

*Where: EGL = endoglucanase, CBH = cellobiohydrolase and BGL = β-glucosidase. 

 The genome of this industrially important fungus has also been published. The 

important characteristics that make A. niger one of the most widely used natural ‘cellular 

factories’ are its high secretory ability and remarkable metabolic versatility. A large number 

of unique proteins of A. niger are involved in carbon, carbohydrate, lipid and isoprenoid 

metabolism (Hertz-Fowler and Pain, 2007). 

β-Glucosidases have variable kinetic parameters toward their substrates. The Km 

values for natural substrates and other good substrates are typically 1 mM or less, but these 

values vary roughly 1,000-fold. Similarly, β-glucosidases have quite variable kcat values, 

which may be physiologically beneficial in some roles, but one must suspect the 

physiological relevance or the enzyme preparation if these values are too low. Comparison of 

the kcat/Km (specificity constant) values is generally used to evaluate potential natural 

substrates, as two substrates with similar Km values may have vastly different catalytic 

efficiencies (Bhatia et al., 2002; Cairns and Esen, 2010). 
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Table-1.3: Kinetic and physiochemical characteristics of β-glucosidases from various 

strains of Aspergillus. 

Micro- 
organism 

Specific 
activity  
(U mg-1 
protein) 

Opti-
mum 
pH  

Opti. 
Temp. 

(°C) & Ea 
(kJ mol-1) 

Vmax &  
kcat  

Km 

(mM) 
Reference 

A. terreus 200 4.8 50 215 U* 0.4C Workman and 
Day, 1982 

A. wentii Pt 2804 - 4.5-5.5 
60-65 & 

43.6 
17.3 U 2.7C Srivastava et 

al., 1984 

A. niger CCRC 
31494 

198.5 5 55 
124.4 U &  

1.3104 min-1 
21.7P Yan and Lin, 

1997 

A. niger NIAB 
280 

41.9 4.6-5.3 70 
37 U & 4,000 

min-1 
1.1P  Rashid and 

Siddiqui, 1997 

A. niger CCRC 
31494 

366 4.5 60 
464 U & 

1.7105 min-1 
15.4C Yan et al., 

1998 

A. oryzae 1,066 5 50 353 U 7C Riou et al., 
1998 

A. niger A20 119-184  4.5 55-60 144-333 U 0.9-1.6C Abdel-Naby et 
al., 1999 

A. niger 322 15 5.5 50 83.3 U 0.1C Peshin and 
Mathur, 1999 

A. niger 1.7-5.4 4.0-4.5 60 35.7-38.8 U  2.8-2.9C Jager et al., 
2001 

A. niger NIAB 
280 

- - 56 & 52 
36.5 U & 

4,505 min-1 
1.1C Rajoka et al., 

2006 

A. oryzae 350 5 60 1,000 s-1 1.96C Langston et 
al., 2006 

A. oryzae sp. 100 3.3 5 60 19.4 U 0.9P Zhang et al., 
2007 

A. terreus M11 128 3 70 - - Gao et al., 
2008 

A. niger MT-
0204 

9.1 5-5.5 - 5.2 U 22.5P Qi et al., 2009 

A. niger - - - 558 s-1 1.2C Bohlin et al., 
2010 

A. niger - - 
25-80 & 
46-53.2 

1,897 min-1  0.9-5.6C  Chauve et al., 
2010 

A. niger - 5 50 2.4 U 2.5C Wang et al., 
2010 

Aspergillus SA-
58 

- 3-4 60 - - Elyas et al., 
2010 

A. niger and A. 
oryzae protoplast 

297 5.4 65 1.7 U 0.03S Zhu et al., 
2010 

*Where: U = µ mol min-1 mg-1, C = Cellobiose, P = p-nitrophenyl-β-D-glucopyranoside and S = Salicin. 
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 β-Glucosidases also show a range of pH optima and stabilities, depending on their 

source and amino acid sequence (Table-1.3). The pH optima of most β-glucosidases range 

between pH 3.0-7.5, depending on their source and cellular location and they tend to be stable 

over a range of pH from 2.5 to 9. Thermostability and temperature optima vary greatly 

among enzymes. Mesophilic β-glucosidases may show highest activity at 25-70 °C, but are 

generally inactivated at and above 55-70 °C (Rashid and Siddiqui, 1997; Jager et al., 2001; 

Vries and Visser, 2001; Bhatia et al., 2002; Cairns and Esen, 2010; Chauve et al., 2010; 

Elyas et al., 2010). On the other hand, β-glucosidases from thermophilic bacteria, such as T. 

maritima BglA, may have temperature optima of over 100 °C (Kengen et al., 1993). 

 One β-glucosidase isolated from the improved mutant of cellulolytic fungus 

Stachybotrys sp. after nitrous acid mutagenesis, was purified to homogeneity by Mono-Q and 

gel filtration chromatography and shown to be a dimeric protein. The molecular weight of 

each monomer was 85 kDa. Besides its aryl β-glucosidase activity towards salicin, methyl-

umbellypheryl-β-D-glucoside (MUG) and p-nitrophenyl-β-D-glucoside (pNPG), it showed a 

true β-glucosidase activity since it splits cellobiose into two glucose monomers. The Vmax and 

the Km kinetics parameters with pNPG as substrate were 78 U mg-1 and 0.27 mM, 

respectively. The enzyme showed more affinity to pNPG than cellobiose and salicin, whose 

apparent values of Km were, respectively, 2.22 and 37.14 mM. This enzyme exhibited its 

optimal activity at pH 5 and at 50 °C and was not affected by denaturing gel conditions (SDS 

and β-mercaptoethanol) unless it is not pre-heated. The N-terminal sequence of the purified 

enzyme showed a significant homology with the family 1 β-glucosidases of Trichoderma 

reesei and Humicola isolens even though these two enzymes are much smaller in size 

(Amouri and Gargouri, 2006). 

 An intracellular β-glucosidase was purified to homogeneity by gel filtration, ion 

exchange chromatography and HPGPLC (high performance gel permeation liquid 

chromatography) from mycelial extract of Termitomyces clypeatus in the presence of the 

glycosylation inhibitor 2-deoxy-D-glucose. Circular dichroism spectroscopy demonstrated 

that the purified enzyme exhibited α-helical conformation. MALDI-TOF identified the 

enzyme’s molecular weight as 66 kDa, but SDS-PAGE and immunoblotting indicated that 

the enzyme formed aggregates. The enzyme also showed unique properties of co-aggregation 

with sucrase in the fungus. The enzyme showed around 80% stability up to 60 °C and 

residual activity was 80-100% between pH ranges 5-8. The enzyme had higher specific 

activity against p-nitrophenyl-D-glucopyranoside than cellobiose and high performance 
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liquid chromatography showed that the enzyme possesses transglycosylation activity and 

synthesizes cello-oligosaccharides by addition of glucose (Pal et al., 2010).  

1.5. Cloning, Sequencing and Heterologous Expression of β-glucosidases 

 The β-glucosidase genes from a large number of bacteria, fungi, yeast, plant, and 

animal origins have been cloned and expressed in both prokaryotic and eukaryotic hosts such 

as E. coli, S. cerevisiae, P. pastoris and filamentous fungi (Rajoka et al., 1998a; Bhatia et al., 

2002; Kuo and Lee, 2008; Mai and Thanh, 2010; Mekoo et al., 2010; Gurgu et al., 2011; 

Zahoor et al., 2011). Although E. coli as an expression host has the advantages of availability 

of numerous expression vectors, high transformation efficiencies, well understood 

fermentation process, easy cell recovery and cell lysis but the broad application of this system 

with proteins derived from eukaryotic genomes that require post-translational modification(s) 

has been challenging because of: the inability to correctly fold the foreign protein(s) and to 

perform post-translational modification(s) such as glycosylation, presence of endotoxins, low 

expression yields and intracellular expression (Daly and Hearn, 2005; Charoenrat et al., 

2006; Rashid et al., 2008) etc. S. cerevisiae is a good alternative to that, however, in this 

system recombinant proteins are often hyperglycosilated, have activity different than that of 

the wild type enzyme and the extracelluar proteins of the S. cerevisiae hinders in the 

purification of the recombinant proteins (Kawai et al., 2003). 

 Although fungi are known to be good producers of β-glucosidases (Bhatia et al., 

2002), only a few reports are available on the cloning of their genes, due to the additional 

complexity of glycosylation and the presence of introns in the structural genes. Attempts to 

use bacterial hosts for the expression of active fungal cellulases have often failed and their 

production in the yeast Saccharomyces cerevisiae usually results in massive 

overglycosylation of the enzyme (Skory et al., 1996; Godbole et al., 1999; Boer et al., 2000). 

Fungal β-glucosidases have been cloned in eukaryotic expression systems such as 

Trichoderma reesei, Aspergillus sp., S. cerevisiae and Pichia pastoris (Dan et al., 2000) and 

prokaryotic expression system such as E. coli (Bhatia et al., 2002). Mostly, cloned fungal β-

glucosidases were expressed extracellularly but a few, such as recombinant enzyme encoded 

by Aspergillus kawachii bglA, was localized in the periplasmic space of the host S. cerevisiae 

(Iwashita et al., 1999).  

 The β-glucosidase gene (bglxA) was cloned from the genomic DNA of Acetobacter 

xylinum ATCC 23769 and its nucleotide sequence (2200 bp) was determined. This bglxA 

gene was at the downstream of the cellulose synthase operon and coded for a polypeptide of 

molecular mass 79 kDa. The overexpression of the β-glucosidase in A. xylinum caused a 
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tenfold increase in activity compared to the wild-type strain. In addition, the action pattern of 

the enzyme was identified as G3ase (cellotriose hydrolysis) activity. The deduced amino acid 

sequence of the bglxA gene showed 72.3%, 49.6%, and 45.1% identity with the β-

glucosidases from A. xylinum subsp. sucrofermentans, Cellvibrio gilvus and Mycobacterium 

tuberculosis, respectively. Based on amino acid sequence similarities, the β-glucosidase 

(BglxA) was assigned to family 3 of the glycosyl hydrolases (Tajima et al., 2001). 

The β-glucosidase activities of nine thermal stable mutants of Thermobifida fusca 

BglC were assayed by isothermal titration microcalorimetry (ITC). The mutations were 

generated using random mutagenesis and identified by high-temperature screening as 

imparting improved thermal stability to the β-glucosidase enzyme. Analysis of the substrate-

saturation curves obtained by ITC for the wild-type enzyme and the nine thermally stabilized 

mutants revealed that the wild type and all the mutants were subjected to uncompetitive 

substrate inhibition due to reversible binding of a second substrate molecule with the 

enzyme-substrate complex. Furthermore, the ‘‘inhibited’’ enzyme-substrate complexes were 

shown to retain catalytic activity (Jeoh et al., 2005). 

Two β-glucosidase genes (bglH and yckE) from B. subtilis natto (having FOSHU 

approval in Japan) were cloned and overexpressed in E. coli M15. The strain has been 

reported to have high isoflavone glucoside-hydrolyzing activity. The temperature for the 

optimal p-nitrophenyl-β-D-glucoside hydrolyzing activity of both enzymes was between 37 

and 45 °C, but BglH had a higher thermal stability than YckE. Both showed high activity at 

pH 6.0, but YckE was stable over a wider pH range than BglH. Among the substrate, BglH 

showed the highest affinity for genistin and YckE showed the highest affinity for p-

nitrophenyl-β-D-fructopyranoside. Both BglH and YckE hydrolyzed genistin and daidzin into 

their isoflavone aglycones, genistein and daidzein, but BglH was more efficient than YckE in 

isoflavone glucoside hydrolysis (20-fold higher kcat) (Kuo and Lee, 2008). 

1.5.1. Significance of Pichia pastoris as an expression host 

 In the early 1980s, Phillips Petroleum contracted with the Salk Institute 

Biotechnology/Industrial Associate Inc. (SIBIA), a biotechnology company located in La 

Jolla, California, USA, to develop P. pastoris as a heterologous gene expression system. 

Researchers at SIBIA isolated the AOX1 gene (and its promoter) and developed vectors, 

strains and methods for molecular genetic manipulation of P. pastoris. In 1993, Phillips 

Petroleum sold its patent position with the P. pastoris expression system to Research 

Corporation Technologies (RCT) located at Tucson, Arizona, USA, the current patent holder. 

In addition, Phillips Petroleum licensed Invitrogen Corporation (Carlsbad, California, USA) 
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to sell components of the system to researchers worldwide, an arrangement that continues 

under RCT (Cereghino and Cregg, 2000; Cregg et al., 2000; Patrick et al., 2005). 

 As a eukaryote, methylotrophic yeast Pichia pastoris (capable of metabolizing 

methanol as its sole carbon source) is an efficient system for the heterologous expression of 

proteins (http://faculty.kgi.edu/cregg/) for both basic laboratory research and industrial 

purposes (Cereghino and Cregg, 2000; Patrick et al., 2005; Jahic et al., 2006; Zhang et al., 

2009), which can be attributed to several factors: It can be genetically manipulated by simple 

available techniques as easily as E. coli or Saccharomyces cerevisiae; is faster, easier and less 

expensive to use than other eukaryotic expression systems (such as insect, baculovirus or 

mammalian tissue culture); glycosilates the recombinant proteins less extensively (Both 

Saccharomyces cerevisiae and Pichia pastoris have a majority of N-linked glycosylation of 

the high-mannose type: however Pichia pastoris adds 8-14 mannose residues per side chain 

as compared to 50-150 residues in case of S. cerevisiae); secretes less native proteins in the 

mineral-salts (minimal) growth medium and produces more recombinant proteins, therefore 

simplifying the product recovery and purification; is relatively insensitive to limitation of 

oxygen (Skory et al., 1996; Cregg et al., 2000; Kawai et al., 2003; Jahic et al., 2006; Li et al., 

2007; Mai and Thanh, 2010; Mekoo et al., 2010). Very little O-linked glycosylation has also 

been observed in Pichia (Cereghino and Cregg, 2000; Daly and Hearn, 2005).  

 Furthermore, it can be grown to high cell densities (>130 g l-1) with rapid growth rate 

in a simple and inexpensive medium which improves the volumetric productivity; able to 

carry out certain post-translational modifications such as proteolytic maturation, 

glycosylation and disulfide bond formation; can secrete proteins to very high levels (10- to 

100-fold higher heterologous protein expression levels than Saccharomyces)  under the 

control of the efficient and highly regulated promoters such as AOX1 (Charoenrat et al., 

2006; He et al., 2009) and integrated vectors help for the genetic stability of the recombinant 

elements, even in continuous and large scale fermentation processes (Patrick et al., 2005). 

The endotoxin and bacteriophage contamination has also been eliminated along with the 

absence of known human pathogenicity in the spectrum of lytic viruses that prey on P. 

pastoris (Li et al., 2007). 

1.5.2. Pichia pastoris host strains, vectors, secretion signals, promoters and selectable 

markers 

 All P. pastoris expression strains are derivatives of NRRL-Y 11430 (Northern 

Regional Research Laboratories, Peoria, IL.) strain. A number of P. pastoris strains (e.g. X-

33, GS115, GS190, GS200, JC220 to JC308, KM71, SMD1163, SMD1165, SMD1168, 
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MC100-3) with a wide range of genotypes and phenotypes are available. The choice of a 

specific strain is determined by the required application (Cereghino and Cregg, 2000; Cregg 

et al., 2000; Daly and Hearn, 2005).  

 There are also many commercially available vectors that are designed as E. coli/P. 

pastoris shuttle vectors, containing an origin of replication for plasmid maintenance in E. coli 

and markers functional in one or both organisms. These vectors can be used to express 

foreign proteins in P. pastoris either intracellularly or extracellularly by cloning the protein 

together with its own native secretion signal (e.g. pPIC3.5K, pAO815) or using the vector 

copy of a signal sequence such as the alpha-mating factor pre-pro leader sequence (α-MF) 

available prior to the cloning site and resulting in secretion of the desired gene product (e.g. 

pPIC9K, pPICZα). 

 The α-MF has been derived from the Saccharomyces cerevisiae comprising of 19 

amino acids of pre-sequence followed by 60 hydrophilic amino acids of pro-region. The other 

signal sequences available for expression in P. pastoris are the acid phosphatase signal 

sequence (PHO1), the invertase signal sequence (SUC2), the 128 kDa leader sequence of the 

Pichia acaciae killer toxin (pGKL) or a phytohemagglutinin signal sequence from Phaseolus 

vulgaris (PHA-E). 

 These vectors also provide choice of inducible promoters such as AOX (either AOX1 

or AOX2 derived from alcohol oxidase genes), DHAS (derived from dihydroxyacetone 

synthase gene), FLD1 (derived from glutathione-dependant formaldehyde dehydrogenase 

gene), PEX8 (derived from peroxisomal matrix protein gene) or constitutive promoters such 

as GAP (derived from glyceraldehyde-3-phosphate dehydrogenase gene), YPT1 (derived from 

GTPase gene) (Cereghino and Cregg, 2000; Cregg et al., 2000; Cereghino et al., 2001; Daly 

and Hearn, 2005; Patrick et al., 2005; Li et al., 2007; Zhang et al., 2009).  

 The selectable markers that have been described for the molecular genetic 

manipulation of the Pichia are limited to the biosynthetic pathway genes such as: HIS4 

(histidinol dehydrogenase gene from either P. pastoris or Saccharomyces cerevisiae); ARG4 

(argininosuccinate lyase gene from S. cerevisiae); ADE1 (PR-amidoimidazole 

succinocarboxamide synthase gene from P. pastoris) and URA3 (orotidine 5′-phosphate 

decarboxylase gene from P. pastoris) or drug resistant genes such as bacterial kanamycin-

resistance gene (kanR), which confers resistance to high levels of G418; the Sh ble gene (ZeoR 

or bleR) from Streptoalloteichus hindustanus, which confers resistance to the bleomycin-

related drug zeocin; Blasticidin S deaminase gene from Aspergillus tererus which confers 

resistance to the drug blasticidin; Acetyl-CoA carboxylase gene (SorR) from Sorangium 
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cellulosum which confers resistance to the macrocyclic polyketide soraphen A (Cregg et al., 

2000; Patrick et al., 2005; Li et al., 2007). 

1.5.3. Pichia pastoris as a methyltrophic yeast (AOX pathway) 

 P. pastoris is one of approximately more than 30 yeast species representing four 

different genera in the past, being capable of metabolizing methanol. The other genera 

include were Candida, Hansenula and Torulopsis (Cregg et al., 2000; Zhang et al., 2000; 

Patrick et al., 2005). The Hansenula and Torulopsis genera are now part of the Pichia and 

Candida genera, respectively e.g. Hansenula polymorpha is now generally referred to as 

Pichia angusta (Cregg et al., 2000; van der Klei et al., 2006). 

The metabolic pathway for methanol utilization appears to be the same in all yeasts 

involving a unique set of enzymes. In first step the methanol is oxidized to formaldehyde by 

the enzyme alcohol oxidase (AOX) using molecular oxygen. In addition to formaldehyde, 

hydrogen peroxide is also generated during this reaction. The methanol metabolism takes 

place within a specialized cell organelle, called the peroxisome, in order to avoid hydrogen 

peroxide toxicity. The peroxisome sequesters toxic by-products away from the rest of the cell 

(Cereghino and Cregg, 2000; Cregg et al., 2000; Daly and Hearn, 2005; Ozimek et al., 2005; 

van der Klei et al., 2006). 

1.5.4. Methanol utilization genes in Pichia pastoris 

 Alcohol oxidase (AOX) is a homo-octamer with each subunit containing one non-

covalently bound FAD (flavin adenine di-nucleotide) co-factor. Two genes in Pichia pastoris 

code for AOX: AOX1 and AOX2. The AOX1 enzyme has a poor affinity for O2 and Pichia 

pastoris compensates for this deficiency by up-regulating the AOX1 promoter to drive 

expression of the AOX1 gene and produce larger amounts of the AOX1 enzyme. The AOX1 

gene product accounts for the majority of alcohol oxidase activity in the cell. Therefore, the 

promoter regulating the production of alcohol oxidase is the one used to drive heterologous 

protein expression in Pichia. Expression of the AOX1 gene is tightly regulated and induced 

by methanol to very high levels, typically ≥ 30% of the total soluble protein in cells grown on 

methanol as a sole carbon source (Cereghino and Cregg, 2000; Daly and Hearn, 2005; Li et 

al., 2007). The AOX1 gene has been isolated and a plasmid-borne version of the AOX1 

promoter is used to drive expression of the gene of interest encoding the desired heterologous 

protein even with a single integrated copy of the expression cassette. Other benefits of this 

promoter are that it can be switched off, as non-limiting amounts of carbon sources such as 

glycerol and glucose repress the AOX1 promoter at the transcriptional level and minimize the 

possibility of selecting non-expressing mutants/contaminants during biomass generation. This 
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characteristic also allows production of proteins that may be toxic to the P. pastoris cells, 

such as the anti-T cell immunotoxin, by growing the cells initially in repressive media and 

then inducing the protein expression when the biomass has been well established. While 

AOX2 is about 97% homologous to AOX1, growth on methanol is much slower than with 

AOX1. This slow growth on methanol allows isolation of Muts strains (Koutz et al., 1989; 

Cregg et al., 2000). 

1.5.5. Regulation of AOX genes in Pichia pastoris 

 Expression of the AOX1 gene is controlled at the level of transcription. AOX is 

strongly repressed by many alternate carbon sources such as glucose and glycerol and is 

induced by carbon starvation and methanol. In methanol grown cells approximately 5% of the 

polyA+ RNA (mRNA) is from the AOX1 gene. The regulation of the AOX1 gene is a two step 

process: a repression/derepression mechanism plus an induction mechanism like GAL1 gene 

in Saccharomyces. Briefly, growth on glucose represses transcription, even in the presence of 

the inducer methanol. For this reason, growth on glycerol is preferred for optimal induction 

with methanol. Growth on glycerol only (derepression) is not sufficient to generate even 

minute levels of expression from the AOX1 gene. The inducer, methanol, is necessary for 

even detectable levels of AOX1 expression. The alcohol oxidase is not specific for methanol 

and can oxidize other primary alcohols; however, as the number of carbons in the alcohol 

increases, the activity of the enzyme decreases (Cereghino and Cregg, 2000; Cregg et al., 

2000; Zhang et al., 2000; Daly and Hearn, 2005). 

1.5.6. Methanol utilization phenotypes of Pichia pastoris 

 Insertion of the expression cassette into the HIS4 or AOX1 locus, by single crossover 

integration, generates a Mut+ strain (methanol utilization plus), a phenotype referring to the 

wild type ability of P. pastoris strains to metabolize methanol as sole carbon source. 

Alternatively, when the expression cassette is inserted within the AOX1 locus by double 

crossover gene replacement, the Muts strain (methanol utilization slow) is generated. Another 

way of obtaining a Muts phenotype is by disruption of the AOX1 gene via gene insertion i.e. 

KM71. This phenotype in the past has been referred to as Mut. The Muts designation has 

been chosen to accurately describe the phenotype of these mutants. This results in a reduction 

of cell’s ability to metabolize methanol. Therefore, these cells exhibit poor growth on 

methanol medium. These two phenotypes are used when evaluating Pichia transformants for 

integration of foreign gene. Third phenotype of host strain used for heterologous protein 

expression is the Mut− (methanol utilization minus) strain i.e. MC100-3 in which both AOX1 

and AOX2 genes are disrupted. These strains cannot utilize methanol as its sole carbon source 
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and require alternate carbon source, such as glycerol, for growth and recombinant protein 

production (Cregg et al., 2000; Zhang et al., 2000; Patrick et al., 2005; Li et al., 2007). 

1.5.7. Expression of β-glucosidase genes in Pichia pastoris 

 Despite the very low level endogenous secretion of various β-glycosidases (either 

intracellular or extracellular) in P. pastoris (Berrin et al., 2002; Turan and Zheng, 2005; Xu 

et al., 2006), this expression system has been successfully employed recently to express and 

characterize several β-glucosidases from different organisms (Table-1.4). 

Table-1.4: Heterologous expression of β-glucosidase gene in Pichia pastoris 

Gene source 
P. pastoris 
host strain 

Expression 
plasmid 

Enzyme 
units 

Mr 
(kDa) 

Reference 

Candida wickerhamii GS115 
pHIL-S1 
and pPIC 

Very low 100 Skory et al., 1996 

Aspergillus niger GS115 pHIL-S1 124 U mg-1 120  Dan et al., 2000 

Dalbergia 
cochinchinensis Pierre 

GS115 pPIC9K 0.08 U ml-1 66 Cairns et al., 2002 

Homo sapiens Liver GS115 pHIL-S1 10 U mg-1 53  Berrin et al., 2002 

Phanerochaete 
chrysosporium  

KM71 pPIC9K 28.5 U ml-1 133 Kawai et al., 2003 

Sacchromycopsis 
fibuligera 

GS115 pPIC9K 47 U ml-1 ----- Shao et al., 2005 

Dalbergia 
cochinchinensis Pierre 

GS115 
pPICZαB 

and 
pGAPZαB 

0.3 U ml-1 66-69 Toonkool et al., 
2006 

Dalbergia 
cochinchinensis Pierre 

Y11430 pPICZαB 5.1 U ml-1 88 Charoenrat et al., 
2006 

Thermoascus 
aurantiacus 

KM71H pPICZαA 3.9 U ml-1 120 Hong et al., 2007 

Aspergillus niger X33 pPICZαC 18 U mg-1 90 Kamaruddin et al., 
2008 

Arabidopsis thaliana X33 pPICZαB ~20 U mg-1 60 Turan, 2008 

Aspergillus niger GS115 pPIC9K 51 U mg-1 90 Mekoo et al., 2010

Saccharomycopsis 
fibuligera 

X33 and 
KM71H 

pPICZαA 60 U ml-1 120 Mai and Thanh, 
2010 

Chaetomium 
thermophilum CT2 

GS115 pPIC9K 1.6 U mg-1 119 Xu et al., 2011 
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 As summarized in Table-1.4, it can be seen that the level of BGL production depends 

upon the type of P. Pastoris host starin, vector and plasmid used for heterologous expression. 

Additionally, a wide range of BGL proteins with different molecular masses have been 

expressed in P. Pastoris showing its potential for extracellular expression of large proteins.   

1.6. β-Glucosidase Activation/Inhibition 

The stability of proteins generally depends upon three main factors: i) hydrophobic 

interactions, ii) hydrogen bonds and iii) conformational entropy.  Despite the small free 

energies per residue of hydrophobic interactions and hydrogen bonds, they are important 

because of their abundant existence.  

In some proteins, the metal ions like magnesium, iron, calcium, zinc are tightly bound 

to the ligand residues (oxygen of aspartic acid or glutamic acid, nitrogen of histidine or sulfur 

of histidine) and take part in the structural stability of the proteins (McCall et al., 2000), as in 

the case of blue copper proteins. While, in other proteins the metal ions are bound only 

loosely and temporarily to the proteins, as in the case of some metallo-enzymes and other 

metallo proteins where the metal ions act as a cofactor necessary for the function of the 

proteins. Such proteins are often known as metal ion-activated or holo-proteins/enzymes 

(Jensen et al., 2007). The chelation of metal ions, therefore, results into complete loss of their 

activity. However, addition of metals reactivates them. Hence, metals are responsible for 

right orientation of active site in holo-enzymes. These ions may act as an activator or 

inhibitor in enzyme catalysis (Wagner, 1988). 

 Many glycohydrolases are inhibited by divalent cations, presumably due to strong 

chelation by the active site carboxylates (at least in part). There are also several 

glycohydrolases that are activated by cations and by anions. The salts have been used, 

because of their numerous properties such as size and charge density, “stickiness” (adsorption 

to non-polar surfaces), hydration energy, hydrophobicity and binding to ion-exchange resins, 

with limited success, to account for the effects of salts on protein structure, stability and 

activity. In addition to their effects on the secondary and tertiary structures of the proteins, 

these can affect enzyme activity by altering protein-protein interactions (in multimeric 

enzymes) as well as ionic interactions between charged substrates and the enzyme. Since salts 

are also expected to affect the pKas of catalytic residues (either via non-specific ionic strength 

effects or specific interactions with the protein), therefore, it is important to examine the pH 

dependence of these salt effects (Bowers et al., 2007). 

 β-Glucosidases are inhibited by transition-state sugar analogues, substrate analogue 

glycosides and free aglycones of their substrates, as well as slowly hydrolyzed substrates 
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such as the fluoroglucosides. Free glucose is a poor inhibitor (typically Ki = 100-200 mM) 

because glucose must be distorted toward the half-chair conformation for binding to the 

glycone-binding site, which is thought to require a portion of the energy of aglycone binding. 

In contrast, free aglycones can be potent competitive inhibitors because they bind to the 

aglycone-binding site without energetically unfavorable distortion. Although most metal ions 

do not inhibit β-glucosidases, Ag+ and Hg2+, are potent β-glucosidase inhibitors and 

inhibition by Cu2+and Fe3+ has also been reported. Although β-O-glucosidases are not known 

to require any cofactors, ascorbate is known to enhance the activity of β-S-glucosidases 

(myrosinases) by acting as a surrogate catalytic base (Cairns and Esen, 2010). 

Aspergillus ornatus extracellular β-glucosidase activity was inhibited by several 

divalent metal ions, some of which showed inhibition at higher concentrations. Ag2+ was the 

most potent inhibitor. A metal chelating agent, EDTA, also inhibited β-glucosidase activity. 

Glucose, glucono-δ-lactone, cellobiose, gentiobiose, laminaribiose, maltose and isomaltose 

also inhibited β-glucosidase activity except trehalose. Glucose was a competitive inhibitor, 

whereas glucono-δ-lactone and other β-linked disaccharides were non-competitive (mixed) 

inhibitors (Yeoh et al., 1986). Almond β-glucosidase was irreversibly inactivated by Hg2+ 

and Cu2+. However, when these metals were present in the reaction system the inhibition 

effects were consistent with a mixed-type inhibition pattern (Cu2+ Ki 5.08 mM and Hg2+ Ki 

0.07 mM). The kinetic effect of glucose was also consistent with a mixed-type inhibition (Ki 

406 mM), while ethanol displayed the kinetic pattern of competitive inhibition (Ki 640 mM) 

(Romeu et al., 1994). The activity of β-glucosidase from A. niger was also inhibited by NaCl 

and ammonium sulfate at high concentrations, while low concentration of NaCl activated the 

enzyme (Rashid and Siddiqui, 1997).  

 Purified β-glucosidase from Cellulomonas biazotea was inhibition by Mn2+ and the 

observed inhibition was mixed type with apparent inhibition constants of 0.19 and 0.60 µmol 

l-1 for the enzyme and enzyme-substrate complex, respectively. Ethanol at lower 

concentrations activated the enzyme, while at higher concentrations inhibited the enzyme 

(Siddiqui et al., 1997b). The activity of β-glucosidase in suspensions of clay minerals 

(montmorillonite and aluminium-treated montmorillonite) was found to be inhibited at copper 

concentrations above 200 µM. The influence of copper was strongest in the pH range of 5.0-

5.5. Both clay minerals strongly reduced enzyme activities. Montmorillonite had a stronger 

effect than Al-montmorillonite, probably due to its larger specific surface and higher surface 

charge. For both montmorillonite the combination with copper had a synergetic effect on the 

inhibition of enzymes activities (Geiger et al., 1998).  
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 An extracellular β-glucosidase II (β-Glu II) from Aspergillus niger CCRC 31494 was 

completely inhibited by 5.0 mM Fe2+ while 50% of its activity was inhibited by 5.0 mM of 

Fe3+ and Ag+, respectively. However, Ca2+, Co2+, Cd2+, Mg2+, Mn2+ and Zn2+ had little or no 

inhibitory effect. The enzyme was also activated by methanol (20% v/v) to 1.8-fold, by 

ethanol (30% v/v) to 1.5-fold, by 1-propanol (20% v/v) to 1.4-fold, by 2-propanol (20% v/v) 

to 1.2-fold, by 1-butanol (20% v/v) to 1.2-fold, by 2-butanol (20% v/v) to 1.3-fold and by 

cyclohexanol (40% v/v) to 1.2-fold. However, the enzyme activity was inhibited at higher 

concentrations of alcohols. Besides, the enzyme activity was also inhibited by acetone, 

acetonitrile, dimethyl sulfoxide and N, N-dimethylformamide. The enzyme was also strongly 

inhibited by substrates, p-nitrophenyl β-D-glucopyranoside in excess of 7.5 mM and 

cellobiose in excess of 50 mM, and was competitively inhibited by glucose with a Ki of 5.7 

mM. While fructose, galactose, mannose, xylose and glucosamine did not inhibit the enzyme 

activity even at 30 mM (Yan et al., 1998). 

β-Glucosidase from Aureobasidium sp. ATCC 20524 was inhibited slightly by 

reducing reagents such as 2-mercaptoethanol and hydrazine, but was not inhibited by other 

organic inhibitors such as sulfhydrylreagents (p-chloromercuribenzoic acid, monoiodoacetic 

acid), chelating reagents (ethylenediaminetetraacetic acid, EDTA; nitrilotriacetic acid) and 

detergents (sodium dodecyl sulphate, SDS; benzalkonium chloride). The enzyme was 

inhibited strongly by transition metal ions such as copper, silver and lead, while less by 

mercury, aluminum and iron. These elements generally combine with the functional groups 

of amino acid residues such as cysteine, tyrosine, lysine and histidine. Inhibition by these 

metal ions on β-glucosidase from Aspergillus niger had also been reported. The β-glucosidase 

activities of Trichosporon adeninovorans and Aspergillus niger were enhanced by calcium 

and cobalt ions, respectively. However, no significant effect of these ions on β-glucosidase 

from Aureobasidium sp. was observed (Hayashi et al., 1999). A β-glucosidase from 

Aspergillus niger was also inhibited by Pb2+, Hg2+, Mn2+ and Fe2+, while slightly activated by 

Co2+ (Peshin and Mathur, 1999). Abdel-Naby et al. (1999) had reported three β-glucosidases 

(A, B and C) from Aspergillus niger A20. Of the metal ions investigated, Ca2+ stimulated the 

activity of β-glucosidase B and C, and Co2+ and Mg2+ stimulated β-glucosidase A. However, 

Hg2+ and iodine completely inhibited the three β-glucosidases. On the other hand, Cu2+, Cd2+, 

Zn2+ and Ba2+ showed a moderate inhibition of the three β-glucosidases. 

In another study, activity of β-glucosidase was investigated in the presence of Cu2+, 

Zn2+ and Ni2+ as a function of pH and buffer type. Both factors were found to exert a strong 

influence on activity of the enzyme. All the three metals inhibited enzyme in acetate buffer. 
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At metal concentrations of 0.6 mM, Zn2+ and Ni2+ reduced the enzyme activity by 25-30%, 

while Cu2+ decreased it up to 90% in comparison to metal free enzyme. Citrate buffer did not 

inhibit the enzyme activity even in the presence of 1 mM Cu2+. It was noticed that β-

glucosidase showed pH dependent inhibition in the presence of Cu2+ while its behaviour was 

less pH dependent when it was incubated with Ni2+ and Zn2+. A distinct shift in the pH 

optimum of enzymatic catalysis was noted in the presence of Cu2+, while Zn2+ or Ni2+  have 

no effect (Geiger et al., 1999). Another β-glucosidase from Pectobacterium carotovorum 

subsp. carotovorum LY34 was activated by the presence of Mg2+ (An et al., 2004). The 

activity of an unusual cold active β-glucosidase from Paenibacillus sp. C7 was not affected 

by Mg2+, Ca2+, Mn2+, K+ or Na2+ while inhibited by Cu2+ (Shipkowski and Brenchley, 2005).  

 A thermostable β-glucosidase purified from Thermoascus aurantiacus was 

competitively inhibited by glucose and glucono-δ-lactone with Ki values of 0.29 mM and 8.3 

nM respectively, while methanol, ethanol and 2-propanol activated the enzyme (Parry et al., 

2001). Yang et al. (2008) had reported the glucose and glucono-δ-lactone Ki values of 73 and 

0.49 mM, respectively, for the competitive inhibition of Paecilomyces thermophila β-

glucosidase. The same enzyme was strongly inhibited by Hg2+ and Ag+; slightly inhibited by 

Ca2+, DTT, EDTA, mercaptoethanol and SDS; while activated by Zn2+, Fe2+, Ni2+, Co2+, 

Mn2+, Mg2+, Sr2+ and Cu2+, all at 4 mM concentration. The catalytic activity of a purified 

intracellular β-glucosidase isolated from Talaromyces thermophilus CBS 236.58 was found 

to be positively influenced by Na+, K+ and Mg2+ metal ions while moderately inhibited by its 

reaction products, glucose and galactose (Nakkharat and Haltrich, 2006). 

 The activity of β-glucosidase purified from thermophilic fungus Melanocarpus sp. 

was positively influenced by the presence of dithiothreitol, mercaptoethanol and metal ions 

such as Na+, K+, Ca2+, Mg2+and Zn2+, while inhibited in the presence of CuSO4. Its activity 

was also enhanced appreciably in the presence of alcohols, methanol and ethanol (Kaur et al., 

2007). The piceid-β-glucosidase activity was not significantly affected by Ca2+, Mg2+ and 

Zn2+ ions but strongly inhibited by Cu2+ ion (Zhang et al., 2007). An extracellular β-

glucosidase purified from culture filtrates of the wood decaying fungus Daldinia eschscholzii 

was competitively inhibited by glucose with a Ki value of 0.79 mM. The activity was 

stimulated by Ca2+, Co2+, Mg2+, Mn2+, glycerol, dimethyl sulfoxide (DMSO), dithiothreitol 

and EDTA, and strongly inhibited by Hg2+ (Karnchanatat et al., 2007). 

Another β-glucosidase isolated from anaerobic sulphidogenic bioreactor was inhibited 

by the transition metals (Cu2+, Ni2+, Zn2+, Fe2+, Mg2+ and Ca2+) above 200 mg l-1, while the 

volatile fatty acids such as acetic, propionic and butyric acid proved slightly inhibitory at 
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concentrations of 800 mg l-1. Acetic acid enhanced activity at lower concentrations (Oyekola 

et al., 2007). Two β-glucosidase genes (bglH and yckE) from B. subtilis natto were cloned 

and overexpressed in E. coli M15. Recombinant BglH was inhibited 73%, 63% and 43% by 

1.0 mM Cd2+, Fe2+ and Cu2+, respectively, while other metal ions (Na+, Li+, Mn2+, Mg2+, Ca2+ 

and Fe3+) resulted in 0-23% inhibition, whereas YckE was inhibited less than 20% by any of 

the divalent metal ions being tested (Kuo and Lee, 2008). Whereas Shahriari et al. (2009) had 

reported a very little or no significant effect of Cd2+ on β-glucosidase activity. The activity of 

β-glucosidase from A. niger MT-0204 was inhibited by Hg+, Cu2+, Ag2+, Co2+, Ni2+, Ba2+ and 

Zn2+. Moreover, its activity was also slightly inhibited by EDTA and fumarate. While K+, 

Ca2+, Fe2+, Mg2+ and Mn2+ could activate the β-glucosidase activity, with Ca2+ being the best. 

The maximum hydrolysis activity was attained at 0.4 mM concentration of Ca2+, however, at 

higher concentrations the activity did not change significantly (Qi et al., 2009). 

Purified β-glucosidases (BGLs) from Aspergillus fumigates, Aspergillus niger, 

Aspergillus oryzae, Chaetomium globosum, Emericella nidulans, Magnaporthe grisea, 

Neurospora crassa, and Penicillium brasilianum were analyzed by isothermal titration 

calorimetry for their hydrolytic activity and sensitivity to glucose (product) using cellobiose 

as substrate. Global non-linear regression of several reactions, with or without added glucose, 

to a product inhibition equation was used to derive the kinetic parameters (kcat, Km) and 

apparent product inhibition constant (appKi) for each enzyme. A. fumigatus BGL gave the 

highest kcat (768 s-1) and the lowest was a factor 9 less for E. nidulans BGL. Km varied by a 

factor of 3 with the lowest determined value for C. globosum (0.95 mM). The measured 

appKi varied by factor of 15 within the determined values with the highest for N. crassa BGL 

(10.1 mM); being the most resistant to glucose (Bohlin et al., 2010). β-Glucosidases of lesser 

mulberry pyralid, Glyphodes pyloalis Walker were also inhibited by the addition of 40 mM 

CaCl2 as well as increasing concentrations of EDTA, while decreased significantly in the 

presence of 4 mM Urea and 8 mM SDS (Ghadamyari et al., 2010). 

 Activity of cold active β-glucosidase from Exiguobacterium oxidotolerans A011 had 

been reported to be unaffected by Na+, Ca2+, EDTA and β-mercaptoethanol, while Hg2+, Cu2+ 

and Co2+ strongly inhibited it (Chen et al., 2010). The activity of intracellular β-glucosidase 

from A. niger and A. oryzae protoplast fusant reported to be inhibited by Na+, K+, Ca2+, Mg2+, 

EDTA (at a concentration of 10 mM) and glucose, while accelerated by Fe3+ (Zhu et al., 

2010). An olive (Olea europaea L.) purified β-glucosidase was competitively inhibited by δ-

gluconolactone (Ki = 0.016 mM) and glucose (Ki = 6.4 mM) against p-NPG as substrate. Of the 

metal ions tested, only the Fe2+ increased the activity while Cd2+, Pb2+, Cu2+, Ni+ and Ag+ 
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exhibited different levels of inhibitory effects with Ki values of 4.29×10-4, 1.26×10-2, 

2.26×10-4, 1.04×10-4 and 3.21×10-3 mM, respectively (Kara et al., 2011). Another β-

glucosidase from Penicillium sclerotiorum was significantly activated by metal ions such as 

Ba2+, K+, Fe3+ and Co2+, while inhibited by Ca2+, Mg2+ and Ag+ (Wei et al., 2011). 

1.7. Immobilization 

In spite of many advantages of using enzymes, their industrial applications has been 

limited because: firstly, most enzymes are relatively unstable; secondly, the cost of enzyme 

isolation and purification is still high and finally, it is technically expensive to recover the 

active enzymes from the reaction mixture after completion of the catalytic process. To 

obviate some of these problems, the immobilization of enzymes has been studied extensively 

resulting in well established usage of immobilized enzymes. During immobilization the 

enzymes were anchored in a solid matrix so that they can be reused and will not be subjected 

to denaturation. 

Several techniques mainly based on physical and chemical mechanisms had been 

applied to immobilize enzymes on solid supports. In physical methods the entrapment of 

enzyme molecules within a porous matrix is carried out and these processes are simple and 

economically viable. While chemical immobilization methods include: (1) covalent enzyme 

attachment to the matrix (2) cross-linking between enzyme and matrix, and (3) enzyme cross-

linking by multi-functional reagents. Selection of an immobilization strategy greatly 

influences the properties of the resulting biocatalyst, which include several parameters such 

as overall catalytic activity, effectiveness of catalyst utilization, deactivation, regeneration 

kinetics and the cost involved. Among the immobilization procedures, the most suitable 

process for ensuring high activity of immobilized enzymes is entrapment by adsorption but 

sometimes it suffers from the enzyme leaching from the matrix, owing to the development of 

weak bonding. The stability of the immobilized enzyme depends on the strength of the 

hydrogen bond electrostatics formed between the support matrix and enzymes.  

Although in recent years the production cost of commercial cellulases has been 

reduced significantly, the enzyme costs are still an obstacle to full-scale process 

commercialization (Hui et al., 2010). To date, the most widely used cellulases are produced 

by Trichoderma reesei but, in this fermentation system, the activity of β-glucosidase was 

relatively low. Therefore, the addition of β-glucosidase is indispensable to eliminate 

effectively the inhibition of cellobiose to the cellulases. The immobilized β-glucosidase could 

be reused for several times and utilized as continuous reaction in packing column. Moreover, 

the immobilized β-glucosidase can be readily separated from the substrate and the products, 
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which can simplify the subsequent purification process. To date, the immobilization of β-

glucosidase had been carried out in various carriers including chitosan (Bissett and Sternberg, 

1978), polyacrylamide (Roy et al., 1989), nylon (Woodward et al., 1992),  agar (Banerjee, 

1992), alginate gel (Ortega et al., 1998), silica (Calsavara et al., 2001), gelatin (Nagatomo et 

al., 2005), Eupergit C (Tu et al., 2006), polyurethane (Romaskevic et al., 2006), silica 

derived nanoparticles (Wang et al., 2009), agarose (Vieira et al., 2009; Vieira et al., 2011), 

nanofibers (Lee et al., 2010), sol gel (Dragomirescu et al., 2010), silk-fibroin nanoparticles 

(Zhou and Zhang, 2011), etc. 

Fungal β-glucosidase was immobilized by covalent binding and physical adsorption 

on silica gel and kaolin for consequent application of these procedures in large-scale 

industrial processes. Effect of different immobilization parameters (incubation time, ionic 

strength, pH, enzyme/support ratio, glutaric aldehyde concentration, etc.) were evaluated on 

the thermal stability of the immobilized enzyme. It was shown that the immobilized enzyme 

activity was stable at 50 °C over 8 days. It had also been shown that in case of 

immobilization on kaolin, approximately 95% of the initial enzyme was immobilized onto 

support with no activity loss. However, covalent binding of the enzyme to silica gel brings 

significant loss of enzyme activity and only 35% of activity was preserved. In case of 

physical adsorption on kaolin, gradual desorption of enzyme takes place. To prevent this 

desorption, chemical modification of the protein was carried out which reduced the 

desorption to 20-25% (Karagulyan et al., 2008). 

β-Glucosidase (Novozyme 188) was immobilized using sodium alginate and chitosan 

as carriers by the bubbling method. After the optimization of immobilization conditions, free 

and immobilized β-glucosidase was characterized for activity and stability. Compared to free 

enzyme, the immobilized β-glucosidase had a decreased apparent Km and the maximum 

activity at a lower pH, indicating its higher acidic and thermal stability. The immobilized β-

glucosidase was further tested in the hydrolysis of cellobiose and various cellulosic substrates 

(microcrystalline cellulose, filter paper, and ammonia-pretreated corn cobs). The immobilized 

β-glucosidase, together with added cellulases, converted the cellulosic substrates into glucose 

with the rate and extent similar to the free enzyme (Wang et al., 2010). 

1.8. Objectives 

In industrial applications it is desirable to produce very high glucose concentrations 

(molar range) through high-solid hydrolysis and this constitutes a special challenge for the 

hydrolytic activity of BGL, which has been shown to be sensitive to glucose (product 
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inhibition), thus affecting the whole saccharication process through the accumulation of 

cellobiose and other celloligosaccharide fragments (Bohlin et al., 2010).  

Microbes produce secondary metabolites as a matter of survival but in industry a high 

titer is usually a desired goal. To accomplish this goal, mutagenesis followed by selection on 

2-deoxy-D-glucose (2DOG) has been widely used to isolate repression resistant mutants 

(Bokhari et al., 2008; Demain and Adrio, 2008). The principle of using such toxic metabolite 

analogs is that the resistant mutants often possess enzymes that are insensitive to feedback 

inhibition, or enzyme forming systems resistant to feedback repression (Parekh et al., 2000; 

Demain and Adrio, 2008). Alteration in cell wall synthesis, protein synthesis or cell 

membrane permeability is also a common mechanism of resistance to analogues resulting in 

increased product accumulation in the medium presumably through increased rate of product 

export from the cell. The mutations in regions linked to the control of genes cre A, aceI and 

ace2 (transcriptional repressor of genes involved in metabolic processes other than glucose) 

may be a way to gain variant fungi with enhanced cellulase secretion (Bokhari et al., 2008). 

Mycelial fungi are widely used to produce antibiotics, enzymes and many other useful 

metabolites. As discussed earliar, β-glucosidases are among the most important enzymes used 

in industrial processes. Although the use of these enzymes has been prevalent for many 

decades and a number of microbial sources exist for the efficient production of this enzyme. 

The commercial production of this enzyme has been limited to only a few selected strains of 

fungi (e.g. Trichoderma reesei, Aspergillus niger) and bacteria (Alper and Stephanopoulos, 

2009). Moreover, the demand for these enzymes is further limited with specific applications 

as in the food industry, wherein fungal β-glucosidases are preferred over other microbial 

sources due to their more accepted GRAS status. Further there arises a need for more 

efficient β-glucosidases in various sectors, which can be achieved either by microbial strain 

development or through protein engineering. 

 For more than fifty years, one of the main areas of lignocellulosic biotechnology 

research has been driven by the need to isolate and identify organisms which are either hyper-

producer and/or sufficiently robust to withstand conditions of the intended application and/or 

are producers of novel lignocellulolytic enzymes. From an intended applications perspective, 

interest in terms of enzyme novelty is focused on not only finding enzymes which could 

break down lignocellulose much more rapidly but also the enzymes which could withstand 

pH, temperature and inhibitory agents more resiliently. Therefore, screening of the 

environment for lignocellulolytic microorganisms has been continued, as on an average less 
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than 1% of the potential microbes found in our environment have been identified using 

traditional culturing methods (Howard et al., 2003; Nadeem et al., 2009). 

Therefore, keeping in view the importance of β-glucosidases, the envisaged project 

was designed with following specific objectives: 

1. Microbial strain development for hyper production of β-glucosidase through γ-rays 

induced mutagenesis of Aspergillus niger.  

2. Kinetic and thermodynamic characterization of β-glucosidase production by Aspergillus 

niger parent and its mutant derivative under submerged growth conditions. 

3. Cloning and sequencing of β-glucosidase genes from Aspergillus niger parent and its 

mutant derivative. 

4. Heterologous expression of β-glucosidase gene (bgl) in methylotrophic yeast Pichia 

pastoris. 

5. Production, purification, kinetic and thermodynamic characterization of β-glucosidases 

from Aspergillus niger parent and its mutant derivative. 

6. Determination of effect of metals on stability-function relationship of β-glucosidases. 

7. Immobilization of β-glucosidases within polymeric materials and their characterization. 
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Chapter-02        
 

Materials and Methods 
 
 

The present research work was mainly performed in Enzyme Engineering 

Laboratories of Industrial Biotechnology Division (IBD) and Gene Transformation 

Laboratory of Agricultural Biotechnology Division (ABD) at the National Institute for 

Biotechnology and Genetic Engineering (NIBGE), Faisalabad, Pakistan and partly in the 

Nano-Biotechnology Laboratory at Biotechnology Institute, University of Minnesota, USA. 

2.1.  Chemicals 

All chemicals used in these studies were of analytical grade and mainly purchased 

from MP Biomedicals, LLC and Sigma-Aldrich®, Inc. (USA) or otherwise stated. Wheat bran 

was obtained from Usman flour mills (Pvt) Ltd., Jhang road, Faisalabad (Pakistan). Reagents 

for molecular biology work were mostly purchased from Fermentas (Lithuania) or otherwise 

stated. Pichia pastoris GS115, Escherichia coli TOP10F′, expression vector pPIC9K and 

chemicals for minimal medium were obtained from Invitrogen (USA). 

2.2.  Microbial strain 

 The pure fungal culture of Aspergillus niger NIBGE was collected from culture stock 

of Industrial Biotechnology Division, National Institute for Biotechnology and Genetic 

Engineering (NIBGE), Faisalabad, Pakistan. 

2.3. Maintenance of cultures 

 Potato dextrose agar (PDA) was used for the maintenance of fungi culture on slants 

and Petri plates, which were prepared as described in DSM-catalogue of strains, 1989; 

method 129 (DSM, 1989; Appendix-1). The sporulation medium was prepared and 

autoclaved for 15 min at 121 °C under 1.1 kgf cm-2 pressure, and then poured into Petri plates 

and test tubes. The tubes were placed in slanting position. After solidification of media, the 

Petri plates and slants were inoculated separately with fungal spores and finally kept in 

incubator at 30±1 °C for 5-6 days. Black spores appearing on fully matured Petri plates and 

slants were stored at 4 °C and refreshed fortnightly. 

2.4. Inoculum preparation and biomass estimation 

 For inoculum preparation a loop full of spores from 5 to 6 days old sporulated slant 

was transferred aseptically into 500 ml Erlenmeyer flasks containing 100 ml of sterile 

Vogel’s medium, pH 5.0 (Vogel, 1956; Appendix-2) and acid washed glass beads (8-10) to 
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break the fungal mycelia (Nadeem et al., 2009; Javed et al., 2011). The stock solution of 

glucose (20% w/v) was autoclaved at 121 °C, 1.1 kgf cm-2 for 5 min and transferred 

aseptically to Vogel’s medium to a final concentration of 2% (w/v). The media were 

inoculated with spores of cultures under aseptic conditions. Each flask was then incubated on 

orbital shaker (120 rpm) for 36 h at 30±1 ºC. 

 In order to transfer equal amount of inoculum to the growth medium, biomass (cell 

mass) content of the inoculum was estimated on the basis of absorptiometry (cells turbidity) 

by measurement of the light transmitted (optical density) at 610 nm (Pirt, 1975) and then 

optical density was converted to dry weight of fungal cells (Powell et al., 2009) using the 

standard curve. Whereas, the standard curve for biomass estimation (Nadeem et al., 2009) 

was prepared as follows: 50 ml of the Vogel’s medium culture was harvested and centrifuged 

at 10,000 rpm (15,300×g) at 4 °C for 15 min. The supernatant was separated and pellet was 

re-suspended in 0.89% (w/v) saline solution and centrifuged (2-3 times) as above. The pellet 

was then freeze dried and ground to a fine powder in pestle and mortar. Appropriate stock 

solutions of cells were made, which were used to prepare final stock (1 mg ml-1). Various 

dilutions of final stock (1-10 folds) were made and optical density (OD) of each dilution was 

recorded at 610 nm. Distilled water was used as a blank and calibration curve was plotted 

between OD and mg of cells (Fig-2.1). 

 
Fig-2.1: Standard curve for cell mass estimation of Aspergillus niger strains: Parent (P) and Mutant (M-6). 
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was dispensed equally in 30 ml McCartney vials and exposed to different doses (0.4-1.4 

kGray) of γ-rays in a gamma cell radiation chamber (Mark-IV, Source 60Co) as described 

(Rajoka et al., 1998b; Awan et al., 2009; Awan et al., 2011). The irradiated cells were 

allowed to grow in Vogel’s medium containing 1% (w/v) 2-deoxy-D-glucose (2DOG) at 

30±1 °C for 48 h. Serial dilutions of the control (un-treated) and irradiated cells from each 

dose were spread on PDA plates containing 1% (w/v) cellobiose and viable counts were 

determined. The colony forming units (CFU) ml-1 were calculated as follows: 

 

 

 

The survival curve (Fig-2.2) was prepared and a dose of 0.9 kGray (kGy) which gave 

more than 3 log kill, was selected for mutant selection. The cells from the selected dose were 

diluted to 10-2 and plated on Vogel’s medium containing 1% (w/v) 2-deoxy-D-glucose 

(2DOG), 1% (w/v) cellobiose, 0.4% (w/v) esculin (6,7-Dihydroxycoumarin 6-glucoside), 

0.04% (w/v) ferric ammonium citrate, 0.2% (w/v) bile bovine (synonym, oxgall powder) and 

1.5% (w/v) agar (Bokhari et al., 2008, Javed et al., 2011). The diameters of the black zone 

was measured which was formed due to the hydrolysis of esculin by the secreted enzyme. 

One 2DOG resistant mutant producing the largest black zone was selected and designated as 

M-6. The mutant M-6 was grown on Vogel’s medium containing 1% (w/v) cellobiose in 

slants and stored at 4 ºC in a refrigerator for further use. 

 
Fig-2.2: Survival curve of A. niger  after exposure to γ-rays. 
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enzyme was reacted with 1% (w/v) cellobiose dissolved in 50 mM Na-acetate buffer (pH 5.0) 

at 40±1 °C for 30-40 min (otherwise stated). The reaction was quenched by placing the tubes 

in boiling water for 10 min and then immediately cooled by placing on ice. The released 

glucose was measured using a glucose measuring kit (Fluitest® GLU, Biocon, Germany), 

based on glucose oxidase-peroxidase method. 

“One unit of β-glucosidase activity was defined as the enzyme amount that released 1 

µmol of glucose min-1 using cellobiose as substrate at defined conditions of pH and 

temperature”. 

2.7. Protein estimation 

Total protein content in the enzyme preparation was estimated by Bradford method 

(Bradford, 1976). Appropriate amount of enzyme (100 µl) was taken in a test tube containing 

1 ml of the Bradford reagent and intensity of colour developed after 15-30 min was measured 

at 595 nm with the help of spectrophotometer (Spectro 23RS, LaboMed, Inc. USA). For the 

determination of total protein contents, a calibration curve was made as follows using bovine 

serum albumin (BSA) as a standard: 

 A stock solution of BSA in distilled water (1 mg ml-1) was prepared and stored at -20 

°C. Then the standard solution (0.1 mg ml-1) was prepared by adding 100 µl of BSA stock 

solution in 900 µl of distilled water. Variable volumes (10, 20, 30, 40, 50, 60, 70, 80, 90 and 

100 µl) of this standard solution were taken in separate test tubes containing 1 ml of Bradford 

reagent. Volume of all tubes was brought to 1.1 ml by adding distilled water. One hundred µl 

of distilled water was taken in another test tube containing 1 ml Bradford reagent, as a 

reagent blank. Absorbance of all test tubes was measured at 595 nm with the help of 

spectrophotometer (Spectro 23RS, LaboMed, Inc. USA) after 15 to 30 min of incubation at 

room temp. A calibration graph of OD vs protein (BSA) quantity was prepared (Fig-2.3). 

 
Fig-2.3:  Protein (BSA) standard curve for Bradford assay. 
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2.8. Optimization of β-glucosidase production under submerged cultivation 

The parent Aspergillus niger NIBGE and its mutant derivative (M-6) were grown in 

submerged cultivation and conditions were optimized for the maximum production of β-

glucosidase. The effects of carbon source, temperature, initial pH of growth medium, 

inoculum concentration and substrate concentration on the kinetics of β-glucosidase 

production were determined. The conditions were optimized by adopting search techniques of 

varying one parameter at a time as described earlier (Selvakumar et al., 1998; Ellaiah et al., 

2002; Bhatti et al., 2007b; Sharma et al., 2008; Awan et al., 2011; Javed et al., 2011). Once a 

parameter was defined, the same was followed for subsequent study as follows. 

2.8.1. Effect of carbon source 

Commercial grade glucose, cellobiose, carboxymethyl cellulose-sodium salt (CMC) 

and wheat bran (2% w/v) were used as carbon sources in Vogel’s medium and the strains 

were grown in submerged conditions at 30±1 °C, pH 5.0. Aliquots were aseptically 

withdrawn at regular time intervals in order to monitor the time for maximum β-glucosidase, 

cell mass and protein production. The inoculum strength for both strains was kept the same 

by using their respective biomass standard curves in all studies. The best carbon source 

(substrate) achieved by this step was fixed for subsequent experiments (Ellaiah et al., 2002; 

Awan et al., 2011). 

When the organism was grown on insoluble substrate (wheat bran), sample flasks in 

triplicate were withdrawn and centrifuged at 5,000 rpm (3,840×g) for 10 min at 4 °C to 

separate  residue (pelleted cell mass and unutilized substrate) from the supernatant (soluble 

proteins and suspended cell mass). To further isolate the cell mass from the residue (cell 

pellet and un-utilized substrate), the residue was vigorously shaken on rotatory shaker with 

50 ml chilled water containing 1% (v/v) Tween 80 for 30 min at 4 °C (thrice) and filtered 

through muslin or cheese cloth to separate the suspended cells from the unutilized substrate. 

These filtrates were pooled with the previously isolated supernatant and centrifuged at 10,000 

rpm (15,300×g) for 15 min at 4 °C to separate clear supernatant (soluble proteins) and cell 

mass pellet. The supernatant was compensated for the dilutions and processed for enzyme 

activity and total proteins. While, the amount of growth (cell mass) was measured 

gravimetrically as dry cell mass by drying the cell mass pellet at 70±1 °C to constant weight 

(Rajoka and Yasmeen, 2005; Rajoka et al., 2009; Awan et al., 2010). 

2.8.2. Effect of temperature 

 Fungi were cultivated on 2% (w/v) wheat bran at various temperatures (24-39±1 °C) 

with an increment of 3 °C (Awan et al., 2011). The initial pH of growth medium was adjusted 
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to 5.0. Time course aliquots were withdrawn aseptically and analyzed for total proteins, 

enzyme activity and cell mass. The temperature that gave maximum β-glucosidase production 

was fixed for subsequent experimentation. 

The effect of temperature on the rate of cell mass formation and enzyme production 

was also expressed in terms of temperature quotient (Q10), which is the factor by which the 

rate changes due to a rise in the temperature by 10 °C (Papagianni, 2004). Q10 was calculated 

by using the following equation. 

Temperature quotient (Q10) = (R2/R1)
10/ (T

2
- T

1
)       ―2 

Where, T1 and T2 are lower and higher temperatures (°C or K) and R1 and R2 are rate 

measurements at T1 and T2, respectively.  

2.8.3. Effect of pH 

 For optimizing the initial pH of the medium for maximum β-glucosidase production, 

Vogel’s media with initial pH from 3 to 7 were used (Awan et al., 2011), while keeping all 

other parameters at their optimum levels to evaluate the effect of hydrogen ion concentration 

on the production of β-glucosidase. The pH of the Vogel’s medium was adjusted accordingly 

with 1M HCl/1M NaOH. Time course aliquots were withdrawn aseptically and analyzed for 

total proteins, enzyme activity and cell mass. The optimum initial pH of the growth medium 

thus determined was fixed for subsequent experiments. 

2.8.4. Effect of inoculum level 

Various levels of inoculum (Final concentration = 0.092 to 0.46 mg wet cells ml-1 

medium) with the increment of 0.092 mg wet cells ml-1 were used to study their effect on the 

growth kinetic parameters for the β-glucosidase production while keeping all other 

parameters at their optimum levels (Ellaiah et al., 2002; Awan et al., 2011). Time course 

aliquots were withdrawn aseptically and analyzed for total proteins, the enzyme activity and 

cell mass. The level of inoculum, giving maximum β-glucosidase production, was used for 

subsequent experiments. 

2.8.5. Effect of substrate concentration 

 The effect of wheat bran concentrations (1-5% w/v with the increment of 1%) on β-

glucosidase production was studied in submerged growth conditions. The cultivation of fungi 

was carried out in 250 ml Erlenmeyer flask at already optimized conditions. Time course 

aliquots were withdrawn and analyzed for total proteins, β-glucosidase activity and cell mass. 
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2.9. Growth kinetics and thermodynamics of A. niger 

2.9.1. Determination of growth kinetic parameters 

 Growth kinetics of A. niger (P) and its 2DOG resistant mutant (M-6) derivative was 

determined as described (Aiba et al., 1973; Pirt, 1975), using following equations:  

Specific growth rate (µ) i.e. rate of growth per unit amount of biomass (cell mass) was 

calculated from slope of plot: ln x against time. 

Biomass (cell mass) doubling time (td) = ln2/µ      ―3 

Product yield coefficient with respect to cell mass (Yp/x) = dp/dx,    ―4 

Where, dp = pt-po and dx = xt-xo. The pt and xt are amount of β-glucosidase and 

biomass after specific time, while po and xo are amount of β-glucosidase and biomass at zero 

time, respectively. 

Specific rate of product formation (qp) = Yp/x × µ      ―5 

Maximum specific rate of cell mass formation (µm) was determined from a double 

reciprocal plot: 1/µ Vs 1/s, which was equal to intercept on ordinate (1/µm), whereas, 

substrate saturation constant (Ks) was equal to intercept on abscissa (-1/Ks). Similarly 

maximum specific rate of product (β-glucosidase) formation (qpmax) was determined from 

plot: 1/qp Vs 1/s. 

Ea(x) and Ea(p) for cell mass and product (β-glucosidase) formation were determined 

from Arrhenius plots of ln µ against 1/T and ln qp against 1/T, respectively. 

2.9.2. Thermodynamics of cell mass and β-glucosidase (BGL) production 

The thermodynamic parameters for cell mass formation and enzyme production by A. 

niger parent (P) and mutant (M-6) were calculated by using re-arranged Eyring’s absolute 

rate equation derived from the transition state theory (Eyring and Stearn, 1939). 

k = (kb.T/h).e(-ΔH*/RT).e(ΔS*/R)          ―6 

Where, 

kb Boltzmann’s constant (R/N) = 1.38×10-23 JK-1 

T Absolute temperature (K) 

h Planck’s constant = 6.626×10-34 Js 

N Avogadro’s number = 6.02 × 1023 mol-1 

R Gas constant = 8.314 J K-1 mol-1 

ΔH* Change in enthalpy for product formation (kJ mol-1) 

ΔS* Change in entropy for product formation (J mol-1 K-1) 

ΔH* = Ea-RT           ―7 

ΔG* (Change in Gibbs free energy) = -RT ln (k.h/kb.T)     ―8 
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ΔS* = (ΔH*- ΔG*)/T          ―9 

 The µm and qpmax are equivalent to k (Monod, 1942; Pirt, 1975). ΔH*, ΔG* and ΔS* 

were calculated by applying Eqs., 7-9 with the modification that in Eq. 8 k was replaced with 

µm for cell mass formation and with qpmax for β-glucosidase production. Moreover, in Eq. 7 Ea 

was replaced by Ea(x) and Ea(p) for the cell mass and product (β-glucosidase) formation, 

respectively. 

2.10. SDS-DR-PAGE for subunit molecular mass determination 

The subunit molecular mass of β-glucosidase in crude enzyme preparation was 

determined by 10% SDS denaturing-renaturing PAGE (SDS-DR-PAGE) as described earlier 

(Lacks and Spinghorn, 1980; Nadeem et al., 2009). However the protocol was modified for 

β-glucosidase activity staining. Briefly, the sample was prepared by incubating crude β-

glucosidase at 45±1 °C for 60 min with SDS sample loading buffer (Appendix-4) in the 

presence of β-mercaptoethanol (5% v/v) and was loaded on the gel in duplicate. PAGE was 

run at constant voltage (70 V) and the temperature was controlled (10 °C) by using a 

refrigerated circulating water bath. Protein markers (Invitrogen, USA, cat # 10747-012) with 

molecular mass ranging from 10 to 220 kDa were run as standards. Standard curve, which 

was drawn between Rf values of standard protein bands versus their log molecular weight, 

was used to determine the exact molecular mass (Fig-2.4).  

The Rf values were calculated as: 

 

 

 

 

Fig-2.4: Standard curve for sub-unit molecular mass determination by 10% SDS-DR-PAGE. 
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 Half of the gel containing protein markers and the sample was stained with 0.1% 

(w/v) Coomassie brilliant blue R-250 for protein staining, while the other half of the gel was 

re-natured to remove the SDS by treating with 20% (v/v) isopropanol in 50 mM sodium 

acetate buffer, pH 5.0 (two washes of 30 min each). The gel was equilibrated with 50 mM 

sodium acetate buffer pH 5.0 to remove isopropanol (two washes of 30 min each). β-

Glucosidase activity staining was done as follows (Javed et al., 2011): The re-natured gel was 

overlaid onto an equally sized 0.8% (w/v) agarose gel prepared in 50 mM sodium acetate 

buffer pH 5.0 containing 0.4% (w/v) esculin (6, 7-Dihydrocoumarin 6-glucoside) and 0.04% 

(w/v) ferric ammonium citrate as a substrate (Kwon et al., 1994). The assembled gels were 

wrapped with cling film to avoid drying and incubated at 45 C for 30-45 min for the 

determination of β-glucosidase activity. 

2.11. Protein identification by mass spectrometric analysis 

Proteins were identified by in-gel digestion method as described (Drbal et al., 2001; 

Shevchenko et al., 2006). About 35-40 µg of crude enzyme preparation was loaded over 1.0 

mm 4-12% NuPAGE® Novex Bis-Tris pre-cast mini gel (Invitrogen, USA, cat # 

NP0323BOX) and the gel was run according to manufacturer’s instructions (NuPAGE® 

Technical Guide, Invitrogen, USA). After electrophoresis the gel was placed in a clean tray. 

The gel was first fixed in fixing solution (50% v/v methanol and 10% v/v glacial acetic acid 

in distilled water) for 10 min at room temperature and then washed four times for 5 min with 

50-100 ml of ultrapure water. The gel was stained with 25 ml of properly mixed Imperial™ 

Protein Stain (Thermo Scientific, USA, cat # 24615) for 2 h and washed overnight on an 

orbital shaker in ultra pure water to reduce background. The gel bands were excised with 

sharp blade in such a way to minimize the amount of acrylamide, placed into 0.65 ml 

siliconized tubes and diced into small pieces (1 mm2) for destaining (Drbal et al., 2001; 

Appendix-5). 

The destained gel pieces were processed for in-gel protein digestion (Shevchenko et 

al., 2006; Appendix-6) and the resulting peptides were then analyzed on mass spectrometer 

(Finnigan™ LTQ™, Thermo Fisher Scientific, USA) at University of Minnesota, USA. 

2.12. Cloning of Aspergillus niger β-glucosidase genes (bgl) in T/A cloning vector and 

their sequence analysis 

2.12.1. Isolation of total genomic DNA from Aspergillus niger strains 

The total genomic DNA was extracted from the aseptically harvested mycelia of 

Aspergillus niger NIBGE (P) and its 2DOG-resistant mutant (M-6) by the modified SDS-
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method (Cenis, 1992; Appendix-7). For mycelia, the fungal strains were grown on Vogel’s 

medium containing 2% (w/v) glucose as carbon source for 48 h at 30±1 °C. 

2.12.2. Polymerase Chain Reaction (PCR) mediated amplification of bgl gene 

Primers (β-gluco-F and β-gluco-R) for the amplification of full-length (2,949 bp) β-

glucosidase genes (bgl) from the total genomic DNA of A. niger strains were designed 

(Appendix-8) to the aligned sequences of β-glucosidase genes available in the NCBI database 

(AJ132386, AB003470 and DQ220304). 

The PCR amplifications were carried out using PCR mixture (Appendix-9) in a 

thermal cycler (MJ Mini, Bio-Rad, USA) with following conditions: 5 min at 95 °C 

(denaturation), 1 min at 95 °C, 1 min at 55 °C (annealing) and 6 min at 72 °C (extension: 30 

cycles, step 2 to 4), followed by a final extension of 10 min at 72 °C. The amplified PCR 

products (5 μl) were then analyzed on 0.8% (w/v) agarose gel (Appendix-10) along with 

DNA marker (Appendix-11) using ethidium bromide. 

2.12.3. Cloning of bgl in T/A cloning vector 

After agarose gel electrophoresis, the remaining PCR products were treated with Taq 

polymerase (Fermentas, Lithuania, cat # EP0401) at 72 °C for 10 min to add 3΄ A-overhangs 

and precipitated with phenol-chloroform (Appendix-12). The purified bgl fragment was then 

cloned/ligated (Appendix-13) in T/A cloning vector (pTZ57R/T, Appendix-14) using 

InsTAclone™ PCR Cloning kit (Fermentas, Lithuania, cat # K1214). 

2.12.4. Heat shock transformation of ligation product in E. coli strain TOP10F´  

Escherichia coli (E. coli) TOP10F´ strain was used for making heat shock/chemically 

competent cells (Appendix-15) following the procedure modified by Cohen et al. (1973). 

Competent cells were stored at -80 °C for future use. For bacterial transformation the 

competent cells (200 μl) were allowed to thaw on ice and 5 μl of ligation reaction was added. 

The contents were mixed and then heat shock (42 °C) was given for one and half min 

(Sambrook et al., 1989; Appendix-16). The cells were immediately transferred to ice and kept 

there for 10 min. Then 800 μl of LB medium (Appendix-17) without any antibiotic was 

added in each tube and the culture was incubated at 37±1 °C for 1 h. This culture was spread 

on LB agar plates (Appendix-17) containing the ampicillin (Appendix-18) and IPTG + X-Gal 

(Appendix-19). On the following day, the appearance of white colonies along with blue 

colonies confirmed the true transformation. Few colonies were selected randomly from LB 

agar plates and were grown overnight in 3-5 ml of LB broth medium (Appendix-17) with 

selection antibiotic ampicillin (Appendix-18). Plasmid extraction was done by alkaline lysis 
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method (Birnboim, 1983; Appendix-20). The constructs were named as pBGL-P and pBGL-

M for bgl genes from parent and mutant A. niger, respectively. 

2.12.5. Confirmation of constructs pBGL-P and pBGL-M through restriction/digestion 

analysis and PCR 

Restriction analysis was done using EcoRI and HindIII (Appendix-21) restriction 

enzymes by incubation for 2 h at 37 °C. The whole digestion mixture was mixed with DNA 

loading dye and was analyzed on 1% (w/v) agarose gel (Appendix-10) along with DNA 

marker (Appendix-11) to determine the insert size. 

The constructs were also confirmed through PCR (Appendix-22) on thermal cycler 

(MJ Mini, Bio-Rad, USA) using the gene specific primers (β-gluco-F and β-gluco-R; 

Appendix-8). 

After confirmation through restriction analysis and PCR, midiprep of selected 

recombinant clones (Appendix-23) for plasmid DNA isolation was done using PureLink™ 

HiPure Plasmid DNA Purification Kit (Invitrogen, USA, cat # K2100-04) and constructs 

were re-confirmed through restriction analysis (Appendix-21) and PCR (Appendix-22). For 

the stock cultures, 15% (v/v) of sterile glycerol was added to the clones (0.85 ml of overnight 

bacterial culture with 0.15 ml of sterile glycerol) and stored at -80 °C.  

2.12.6. Sequencing of the constructs (pBGL-P and pBGL-M), sequence analysis and 

structure prediction  

 For sequencing of the constructs, highly purified plasmid DNA was isolated from E. 

coli recombinant clones using Wizard® Plus SV Minipreps DNA Purification System 

(Promega, USA, cat # A1270) as described (Appendix-24). The complete nucleotide 

sequence of potentially full-length clones were determined by dideoxynucleotide chain 

termination sequencing using the PCR-based (Appendix-25) ABI PRISM® Big Dye™ 

Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, USA, cat # 

4303151) and specific internal primers (Primer walking) on thermal cycler (T-Cy, Creacon 

Technologies, South Africa). Sequencing products were resolved on ABI PRISM® 310 

Genetic Analyzer (PE Applied Biosystems, USA) available at NIBGE, Faisalabad, Pakistan 

as well as using the commercial services of Macrogen, Korea. 

The similarities of the DNA and protein sequences were analyzed with the blastn and 

blastp programs (http://www.ncbi.nlm.nih.gov/BLAST/). Multiple sequence alignment was 

performed with the program ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/). The 

putative signal sequences were predicted using SignalP software 

(http://www.cbs.dtu.dk/services/SignalP). Protein functional analysis was performed with the 
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InterProScan (http://www.ebi.ac.uk/Tools/InterProscan/). The comparison of protein 

sequence to genomic sequence was performed with GeneWise, also called Wise2 

(http://www.ebi.ac.uk/Tools/Wise2/).  

Three dimensional structure predictions from multiple-threading alignment sequences, 

for the deduced amino acid sequence of enzyme, was carried out using I-TASSER On-Line 

Protein Structure and Function Predictions (Zhang Server) Server 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/). The protein structures were then 

analyzed using PyMOL software (Schrödinger LLC, USA). Structural classification of the 

sequences was based on SCOP (http://scop.mrc-lmb.cam.ac.uk/scop/). 

2.13.  Heterologous expression of bgl in methylotrophic yeast Pichia pastoris GS115 

2.13.1. PCR mediated amplification of bgl without native signal peptide and intron-1 (pbgl) 

from the construct pBGL-M and cloning in T/A cloning vector  

A new set of primers β-glu-W-F containing a SnaBI site (underlined) and β-glu-R 

(Appendix-8) containing a NotI site (underlined) was designed for PCR mediated (Appendix-

26) amplification of partial bgl (pbgl; without native signal peptide and intron-1) from the 

construct pBGL-M. The amplified PCR products (30 μl) were then analyzed on 1% (w/v) 

agarose gel (Appendix-10) along with DNA marker (Appendix-11). DNA fragment of 2.8 

kbp (approximately 2,810 bp) was eluted from the agarose gel (Appendix-27) using 

GeneJET™ Gel Extraction Kit (Fermentas, Lithuania, cat # K0691). Elution was confirmed 

by running 4 μl of eluted DNA on 1% (w/v) agarose gel (Appendix-10). Purified partial bgl 

fragment (pbgl) was then ligated (Appendix-28) in T/A cloning vector (pTZ57R/T, 

Appendix-14) using InsTAclone™ PCR Cloning kit (Fermentas, Lithuania, cat # K1214). The 

transformation of the ligation mixture in chemically competent E. coli TOP10F´ cells and 

plasmid DNA propagation as well as isolation was done as described in Section 2.12.4. The 

new construct of partial bgl (pbgl) from mutant A. niger was named pBGL-M2810. 

2.13.2. Confirmation of construct pBGL-M2810 through restriction/digestion analysis and 

PCR  

Restriction analysis was done using SnaBI (Eco1051) and NotI (Appendices-29 and 

30) restriction enzymes. The whole digestion mixture was mixed with DNA loading dye and 

was analyzed on 1% (w/v) agarose gel (Appendix-10) along with DNA marker (Appendix-

11) to determine the insert size. 

The constructs were also confirmed through PCR (Appendix-26) on thermal cycler 

(MJ Mini, Bio-Rad, USA) using the gene specific primers (β-glu-W-F and β-glu-R; 

Appendix-8). 



Chapter 02                                                                                             Materials & Methods  
 

 49

After confirmation through restriction analysis and PCR, midiprep of selected 

recombinant clones (Appendix-23) for plasmid DNA isolation was done using PureLink™ 

HiPure Plasmid DNA Purification Kit (Invitrogen, USA, cat # K2100-04) and construct was 

re-confirmed through restriction analysis (Appendices-29 and 30) and PCR (Appendix-26). 

For the stock cultures, 15% (v/v) of sterile glycerol was added to the clones (0.85 ml of 

overnight bacterial culture with 0.15 ml of sterile glycerol) and stored at -80 °C.  

2.13.3. Sub-cloning of partial BGL gene (pbgl) in Pichia pastoris expression vector 

pPIC9K 

In order to clone the 2,810 bp (without native signal peptide and intron-1) β-

glucosidase gene (pbgl) of Aspergillus niger mutant (M-6) in frame with the α-factor 

secretion signal of pPIC9K yeast expression vector (Appendix-31) at SnaBI/NotI multiple 

cloning site (MCS), the vector pBGL-M2810 was digested with SnaBI (Eco1051) and NotI 

restriction enzymes (Appendices-29 and 30). The expression vector pPIC9K was also 

digested with same SnaBI (Eco1051) and NotI restriction enzymes. The 2,810 bp linearized 

fragment from pBGL-M2810 and the linearized backbone of pPIC9K were eluted from the 

agarose gel (Appendix-27) using GeneJET™ Gel Extraction Kit (Fermentas, Lithuania, cat # 

K0691). Elution was confirmed by running 4 μl of eluted DNA on 1% (w/v) agarose gel 

(Appendix-10). These purified fragments were then ligated (Appendix-32) and transformed 

in chemically competent E. coli TOP10F´ cells as described in Section 2.12.4. Transformed 

cells were then plated on LB agar plates containing ampicillin antibiotic (100 μg ml-1) and 

were placed at 37±1 °C overnight. Few colonies were selected randomly from LB agar plates 

and were grown overnight in 3-5 ml of LB broth medium (Appendix-17) with selection 

antibiotic ampicillin (Appendix-18). Plasmid DNA isolation and propagation was done as 

described in Section 2.12.4. The construct produced was named as pPIC9K-BGL.  

2.13.4. Confirmation of construct pPIC9K-BGL through restriction/digestion analysis, 

PCR and sequencing  

The construct pPIC9K-BGL was propagated in E. coli TOP10F′ as described in 

Section 2.12.4 and restriction analysis was done using SnaBI (Eco1051) and NotI 

(Appendices-29 and 30) restriction enzymes. The whole digestion mixture was mixed with 

DNA loading dye and was analyzed on 1% (w/v) agarose gel (Appendix-10) along with DNA 

marker (Appendix-11) to determine the insert size. 

The construct was also confirmed through PCR (Appendices-26 and 33) on thermal 

cycler (MJ Mini, Bio-Rad, USA) using the gene specific primers (β-glu-W-F and β-glu-R; 

Appendix-8) as well as Alpha factor-F and gene specific-R primers (Appendix-8).  
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In order to confirm the cloning of gene of interest (2,810 bp bgl) in frame with the α-

secretion signal open reading frame, sequencing of the construct pPIC9K-BGL with AOX 

promoter specific primers (5΄ AOX1-F and 3΄ AOX1-R; Appendix-8) was also done using the 

commercial services of Macrogen, Korea. 

After confirmation through restriction analysis, PCR and sequencing, midiprep of 

selected recombinant clones (Appendix-23) for plasmid DNA isolation was done using 

PureLink™ HiPure Plasmid DNA Purification Kit (Invitrogen, USA, cat # K2100-04) and 

construct was re-confirmed through restriction analysis (Appendix-29 and 30) and PCR 

(Appendices-26 and 33). For safe keeping, 15% (v/v) sterile glycerol stock of desired clones 

(0.85 ml of overnight bacterial culture with 0.15 ml of sterile glycerol) were also made and 

stored at -80 °C. 

2.13.5. Electroporation of Pichia pastoris GS115 with construct pPIC9K-BGL  

Pichia pastoris (P. pastoris) GS115 strain cells grown on YPD medium (Appendix-

34) were used for preparing electro-competent cells (Scorer et al., 1994; Appendix-35). The 

geneticin resistance of electro-competent cells of P. pastoris was optimized by growing the 

non-transformed P. pastoris GS115 cells on YPD medium plates (Appendix-34) containing 

0.25, 0.5 and 0.75 mg ml-1 geneticin (Appendix-36).  The new construct (pPIC9K-BGL) and 

the parent vector (pPIC9K) were linearized with DraI (Appendix-37) to generate gene 

replacement (Appendix-38) at AOX1 locus (generating His+ MutS phenotype) in electro-

competent cells of P. pastoris (Appendix-35) and transformed through electroporation 

(Appendix-39) as described in Multi-Copy Pichia Expression Kit (Invitrogen, USA, cat # K1750-

01). 

2.13.6. Screening of recombinant P. pastoris on minimal medium and methanol induction 

for recombinant β-glucosidase (rBGL) expression on plates 

P. pastoris transformants (pPIC9K-BGL and pPIC9K) after electroporation were 

spread on minimal dextrose (MD) medium (Appendix-40) plates containing 0.5 mg ml-1 

geneticin. The plates were incubated at 28-30 °C until colonies appear (4-5 days).  

The well grown colonies of His+ P. pastoris transformants were then streaked on MM 

or BMM medium plates (Appnedix-40 and 41) containing 0.2% (w/v) esculin (6, 7-

Dihydrocoumarin 6-glucoside) and 0.05% (w/v) ferric ammonium citrate as a substrate 

(Kwon et al., 1994) for activity staining of rBGL. Methanol induction for induced expression 

of rBGL was given after every 24 h, by adding 100 μl of 100% methanol to the lid of inverted 

plates. The same procedure was repeated for the parent vector (pPIC9K) P. pastoris 

transformants for estimation of endogenous (background) BGL expression. For safe keeping, 
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15% (v/v) sterile glycerol stock of positive yeast clones (0.85 ml of overnight yeast culture 

with 0.15 ml of sterile glycerol) were also made and stored at -80 °C. 

2.13.7. Screening of recombinant P. pastoris for geneticin resistance 

For geneticin resistance screening, His+ P. pastoris transformants (pPIC9K-BGL and 

pPIC9K) were also streaked on YPD medium plates (Appendix-34) containing various 

concentrations (0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 3.0 and 4.0 mg ml-1) of geneticin 

(Appendix-36). The copy number of pbgl in the recombinant Pichia pastoris was also 

estimated through the extent of resistance to geneticin. 

2.13.8. Direct screening of recombinant P. pastoris through colony PCR and genomic PCR 

Recombinant P. pastoris GS115 colonies after screening for His+ phenotype and 

geneticin resistance were also screened for pbgl integration into recombinant Pichia pastoris 

genome through colony PCR (Linder et al., 1996; Appendix-42). 

For total genomic DNA isolation of the recombinant and untranformed (his4) P. 

pastoris GS115, desired colonies of His+ recombinants were cultured in 50 ml of MD or 

MGY, while untranformed P. pastoris in MDH or MGYH media (Appendix-40) in 250 ml 

Erlenmeyer flasks. These flasks were incubated at 28±1 C at 250 rpm for 2-3 days (till 

OD600 reached up to 5-10). The cells were collected by centrifugation in sterile 50 ml falcon 

tubes at 4,000 rpm (1,520×g) for 10 min at room temperature. The pellet was washed with 20 

ml sterile distilled water by centrifugation at 4,000 rpm (1,520×g) for 10 min. The genomic 

DNA from these pelleted cells was isolated by CTAB method modified by Doyle and Doyle 

(1990; Appendix-43). The isolated genomic DNA of recombinant (pbgl and pPIC9K 

integrated) and untransformed (his4) P. pastoris GS115 were used for genomic PCR analysis 

(Appendix-44). 

2.13.9. Dot blot and Southern blot analysis of recombinant P. pastoris 

The integration of gene of interest (pbgl) in P. pastoris was also determined by Dot 

Blot and Southern hybridization (Appendix-45) performed on total genomic DNA (Sambrook 

et al., 1989; Brown, 1999).  

2.13.10. Methanol induction for expression of rBGL under submerged conditions 

For comparison of rBGL production from recombinant P. pastoris GS115 under 

submerged conditions, single colony of each selected recombinant as well as control 

(transformed with parent vector) were cultured in 50 ml of MGY (Appendix-40) or BMGY 

(Appendix-41) medium in 250 ml Erlenmeyer flasks. The culture were grown at 28-30 °C in 

a shaking incubator (250 rpm) until they reached an OD600 = 2-6 (log-phase growth, 
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approximately 24 h). The cells were harvested by centrifugation at 4,000-6,000 rpm (~1,500-

3,000×g) for 10 min at room temperature. Supernatant was discarded and each pellet was 

aseptically resuspended in MM (Appendix-40) or BMMY (Appendix-41) medium (1/5th to 

1/10th of the original culture volume) to a final culture OD600 of 2.0. Each culture was 

aseptically transferred to 100 ml sterile Erlenmeyer flasks to induce expression. The flasks 

were cotton plugged and returned to shaking incubator to continue the growth. In each culture 

100% methanol was added to a final concentration of 0.5% (v/v) after every 24 h to maintain 

the induction. One ml sample from each culture was taken at 0, 24, 48, 72, 96, 120 and 144 h 

of growth in a 1.5 ml microcentrifuge tube. Samples were centrifuged at 13,400 rpm 

(12,100×g) in a table top microcentrifuge for 2-3 min. Supernatant was then analyzed for 

total proteins and rBGL as described in Sections 2.6 and 2.7. 

2.13.11. SDS-DR-PAGE analysis of rBGL 

The SDS denaturing renaturing polyacrylamide gel electrophoresis (SDS-DR-PAGE) 

of the extracellular proteins from P. pastoris transformants (pPIC9K-BGL and pPIC9K) for 

rBGL expression was carried out as described earlier in Section 2.10. 

2.13.12. Purification and characterization of rBGL 

 The purification and characterization of the rBGL was carried out as described in 

upcoming sections for A. niger strains. 

2.14. Bulk production of β-glucosidase from A. niger strains under optimal growth 

conditions 

After optimization of growth parameters, the parent and mutant strains were grown in 

500 ml Erlenmeyer flasks (multiple in number) containing 90 ml of Vogel’s medium (pH 5.0) 

and  3% (w/v) wheat bran in each. Ten glass beads (chromic acid washed) were added to each 

flask, after thoroughly washing with water, to break the fungal mycelia. Then flasks were 

plugged with cotton and covered with aluminum foil and autoclaved for 15 min at 121C, 1.1 

kgf cm-2 pressure. The flasks were inoculated aseptically with 10% (v/v) inoculums level 

(Final concentration in medium = 0.184 mg wet cells ml-1). Flasks were again cotton plugged 

and shaken on orbital shaker at a speed of 120±5 rpm at 30±1 ºC for 96-108 h. 

2.15. Harvesting of crude enzyme 

 The β-glucosidase was harvested after 96-108 h of incubation. Crude enzyme extract 

was filtered through muslin cloth (or whatman filter paper) and centrifuged at 10,000 rpm 

(15,300g) at 4 C for 15 min to remove the suspended particles; supernatant was separated 

and analyzed for total proteins and the enzyme activity. 
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2.16. Purification of β-glucosidase 

  The purification of β-glucosidase was carried out by subjecting the crude enzyme to 

the following treatments: 

1: Ammonium sulfate precipitation as described by McCleary and Harrington (1988).  

2: HiLoad anion exchange chromatography, Mono-Q anion exchange chromatography 

and gel filtration chromatography on “Fast Protein Liquid Chromatography” (FPLC) 

system (Pharmacia) as described by Riaz et al. (2007) and Jabbar et al. (2008). 

2.16.1. Fractional precipitation (Ammonium sulfate precipitation) 

 Crude BGL from the parent and mutant strains were centrifuged for 10 min at 7,000 

rpm (6,147×g), 4 C to increase the clarity to maximum and concentrated by freeze drying. 

The concentrates were dialyzed at 4 C to remove the salts using 12 kDa cut off cellulosic 

dialysis tubing (Appendix-46). Different amounts of solid ammonium sulfate were added 

separately to 1 ml of the crude dialyzed BGL concentrate in microcentrifuge tubes to get 20-

100% ammonium sulfate saturation at 0 °C (McCleary and Harrington, 1988; Harris, 2001; 

Appendix-47) and gently mixed (vortexed). These tubes were left over-night at 4 °C and 

centrifuged for 15 min at 7,000 rpm (6,147×g), 4 °C. Supernatants were assayed for residual 

BGL activity. Fractional precipitation of the BGL from each fungal strain was optimized.  

The optimization of ammonium sulfate precipitation resulted in the determination of 

the initial salt concentration (30% and 20% saturation at 0 °C for BGL from parent and 

mutant strains, respectively), where the enzyme showed onset of decrease in its original 

activity in the supernatant as well as the final salt concentration (75% saturation at 0 °C for 

BGL from both strains), at which complete loss of enzyme activity was observed. The flask 

containing crude enzyme concentrate was placed in ice bath and ammonium sulfate crystals 

were added slowly to attain the initial salt concentration. The flask was kept over-night at 4 

°C and centrifuged at 7,000 rpm (6,147×g) for 15 min at 4 °C. The pellet of precipitated 

proteins was discarded. In the supernatant, more crystals of ammonium sulfate were added to 

achieve the final salt concentration at 0 °C. The flask was again kept for over-night at 4 °C 

and centrifuged as done previously. This time pellet was collected and supernatant was 

discarded. The pellet was dissolved in appropriate quantity of distilled water and dialyzed 

extensively against distilled water for 24 h (4 changes of equal interval) at 4 C to remove 

salt (ammonium sulfate) and low molecular weight proteins. 

After dialysis proteins become precipitated, so to dissolve them 0.25% (w/v) NH4SO4 

was added (due to which 90% activity was recovered). Total proteins and BGL activity was 
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determined after dialysis. Similarly, the crude enzyme extracts from second strain was 

processed.  

2.16.2. Fast protein liquid chromatography (FPLC) 

The partially purified and dialyzed β-glucosidase (BGL) was subjected serially to 

FPLC (Pharmacia) for anion-exchange chromatography on HiLoad™ Q-sepharose column, 

Mono-Q™ (Q-sepharose) HR column and gel filtration (size exclusion/gel permeation) 

chromatography on Superose™ 12 HR column. 

2.16.2.1. HiLoad™ anion-exchange chromatography 

 The BGL after ammonium sulfate precipitation were loaded on HiLoad-Q™ 26/10 

sepharose column (2.6×10 cm), using a super loop of 50 ml at a flow rate of 2 ml min-1 

(Appendix-48). A linear gradient of NaCl (0-1 M) in 20 mM Tris/HCl pH 7.5 was used as 

elution buffer and fractions (4 ml fraction-1) were collected. The fractions containing BGL 

were pooled and dialyzed against distilled water at 4 C. The pool was assayed for the 

enzyme activity, total proteins and lyophilized partially to concentrate. 

2.16.2.2. Mono-Q™ anion-exchange chromatography 

The partially purified BGL from HiLoad-Q™ sepharose column were loaded to Mono-

Q™ HR 10/10 sepharose column (1.0×10 cm), using a super loop of 50 ml at a flow rate of 1 

ml min-1 (Appendix-48) and a linear gradient of NaCl (0-1M) in 20 mM Tris/HCl, pH 7.5 

was used as elution buffer. Three ml size fractions were collected. Active fractions were 

pooled and dialyzed against distilled water at 4 C. The pool was assayed for the enzyme 

activity and total proteins. Afterwards, the pool was partially concentrated by lyophilization. 

2.16.2.3. Gel filtration chromatography  

Pooled fractions from Mono-Q™ column were loaded on gel filtration 12 HR 

(Superose™) 10/30 chromatography column (1.0×30 cm), to get purification to homogeneity 

level. The amount of β-glucosidase loaded on the column was 250 µl run-1 and multiple runs 

were applied by using “loop TMS programme” of FPLC (Appendix-48). Fifty mM Tris/HCl, 

pH 7.5 having 0.15 M NaCl was used as elution buffer. The flow rate was 0.5 ml min-1. One 

ml size fraction was collected. Active fractions were pooled and dialyzed against distilled 

water at 4 C. After dialysis, total β-glucosidase activity and total proteins were determined.  

2.17. Molecular mass determination 

2.17.1. Native molecular mass 

The purified BGL and protein standard markers were separately loaded (250 µl run-1) 

on superose gel filtration column to determine native molecular mass as described (Riaz et 
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al., 2007). The protein samples were eluted using 100 mM Tris/HCl pH 7 having 0.15 M 

NaCl as an elution buffer. The flow rate was 0.5 ml min-1. Fractions of 1 ml size were 

collected. 

Different marker proteins (MW-GF-1000 KIT, Sigma, USA) such as carbonic 

anhydrase (29 kDa), chicken egg albumin (CEA; 45 kDa), bovine serum albumin (BSA, 66 

kDa), alkaline phosphatase (89 kDa), alcohol dehydrogenase (150 kDa), β-amylase (200 kDa) 

and apoferritin (443 kDa) were subjected to FPLC gel filtration chromatography for standard 

curve preparation (Fig-2.5). 

 
Fig-2.5: Standard curve for native molecular mass determination by FPLC gel filtration 
 chromatography.  

The retention times of blue dextran (2,000 kDa) and Tyrosine (0.2 kDa) were used to 

evaluate the void and total internal volumes of the column, respectively. The Kd (distribution 

coefficient) for all protein markers and BGL was calculated using the following equation: 

Kd = Ve – Vo/Vi - Vo                                               ―11 

Where, 

Ve = Elution volume or retention time of sample (BGL or protein marker) 

Vo = Void volume or retention time of blue dextran (15.8 min) 

Vi = Total internal volume or retention time of tyrosine (42.41 min) 

2.17.2. Subunit molecular mass (SDS-PAGE) 

The subunit molecular mass was determined by applying the purified BGL on 10% 

SDS-PAGE as described (Laemmli, 1970; Shi and Jackowski, 1998). The resolving gel 

mixture (Appendix-4) was poured into gel apparatus, which was assembled by sandwiching 2 

spacers between two glass plates (10 cm × 8 cm × 1.5 mm) on Hoefer’s “Mighty Small SE 

245 Dual Gel Caster”. After pouring, n-butanol was layered on the top of resolving gel to get 
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even surface. Then n-butanol was removed and top of the gel surface was washed many times 

with distilled water. The stacking gel mixture (Appendix-4) was poured on the top of 

polymerized resolving gel. The comb (well maker) was immediately inserted and the stacking 

gel was allowed to polymerize. The BGL (5 µg of each sample) was mixed in 2X sample 

loading buffer (Appedix-4) and boiled for 3-5 min for binding of SDS to the enzyme prior to 

loading on the gel. Protein marker (Fermentas, Lithuania, cat # SM0661) with molecular 

mass ranging from 10 kDa to 200 kDa was run as the standard. The protein ladder was 

applied directly to SDS-polyacrylamide gel. 5X electrode buffer/running buffer was prepared 

as described (Appendix-4). SDS-PAGE was run at a constant voltage of 100 volts. The 

PAGE was stopped when tracking dye front reached at the bottom of the gel.  

The gel was dipped in fixing solution (50% v/v methanol and 10% v/v glacial acetic 

acid in distilled water) for 10 min at room temperature and then stained with Coomassie 

brilliant blue R-250 (50% v/v methanol, 10% v/v glacial acetic acid and 0.1% w/v Coomassie 

brilliant blue R-250 in distilled water) for at least two hours with mild shaking at room 

temperature and then de-stained in a de-staining solution (50% v/v methanol and 10% v/v 

glacial acetic acid in distilled water) until the background was clear. Subunit molecular mass 

of BGL was determined from standard curve (Fig-2.6). 

    
Fig-2.6: Standard curve for sub-unit molecular mass determination by 10% SDS-PAGE.   

2.18. Native polyacrylamide gel electrophoresis (Native-PAGE) 

The parent and mutant BGL were also applied on 7.5% Native or non-denaturing 

PAGE (Goldenberg, 1989) to evaluate the purity and isoforms of the enzymes. The 

composition of the Native-PAGE was same as given in Appendix-7. Electrophoresis was 
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carried out at 0 °C and 70 V as described in Section 2.17.2 with the exception that instead of 

boiling the sample with SDS sample loading buffer, the proteins (5-10 μg) were mixed in 

native sample loading buffer (without SDS) and directly applied on the gel in duplicate.  

After the electrophoresis, half of the gel was processed for activity (zymographic) 

staining as described in Section 2.10, while other half of the gel was stained with Coomassie 

brilliant blue G-250 fast stain (0.03% w/v Coomassie brilliant blue G-250 and 5% v/v 

perchloric acid in distilled water) for 15-30 min. Fast stain is specific for native gels. It does 

not require destaining as required by Coomassie brilliant blue R-250 stain and it is highly 

sensitive. Coomassie brilliant blue G-250 stain was made as described earlier (Merril, 1990). 

Gel can be left in stain for hours with no increase in the background (Coughlan, 1988). The 

gel was washed with distilled water after staining in order to improve the intensity of the 

bands (to clear background).  

2.19. Characterization of β-glucosidase (BGL) from A. niger parent and mutant 

Physiochemical, kinetic and thermodynamic properties of β-glucosidase from 

Aspergillus niger NIBGE (P) and its 2-deoxy-D-glucose resistant γ-rays mutant (M-6) were 

determined as mentioned below: 

2.19.1. Temperature optimum and activation energy (Ea) 

Optimum temperature and activation energy (Ea) of β-glucosidase were determined by 

incubating appropriate amount of the purified enzyme with 1% (w/v) cellobiose at various 

temperatures ranging from 20-80 °C in 50 mM Na-acetate buffer for 30 min at pH 5.0. Ea for 

cellobiose hydrolysis was calculated by using Arrhenius plot as described earlier (Riaz et al., 

2007; Jabbar et al., 2008; Javed et al., 2009; Riaz et al., 2012). 

2.19.2. Temperature quotient (Q10) 

The effect of temperature on the rate of reaction was expressed in terms of 

temperature quotient (Q10), which is the factor by which the rate increases due to a rise in the 

temperature by 10 °C. Q10 was calculated by using the equation-2 as mentioned in section 

2.8.2. 

2.19.3. pH optimum 

The optimum pH of the purified BGL was determined by measuring activity at 65±1 

°C with varying pH (2-11). 

The buffers used were: 50 mM glutamic acid/HCl (pH 2-2.9), 100 mM Na-

acetate/acetic acid (pH 3.2-5.3), 100 mM MES/KOH (pH 5.6-6.5), 100 mM MOPS/KOH (pH 

6.8-7.4), 100 mM HEPES/KOH (pH 7.7-8.3), 100 mM glycine/NaOH (pH 8.6-9.8) and 100 

mM CAPSO/NaOH (pH 10.1-11.0) (Riaz et al., 2007; Javed et al., 2009). The pKa (pKa1 and 
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pKa2) of ionizable groups of essential active site residues involved in the catalysis were 

determined by plotting a graph of pH verses Vmax values. Afterwards, 0 slope (on the top of 

bell shaped curve), +1 and 1 slope lines were drawn.  The intersection points of +1 and 1 

slope lines on the 0 slope line represented the pKa1 and pKa2, respectively (Dixon and Webb, 

1979; Riaz et al., 2012). 

2.19.4.  Heat of ionization (ΔHI) of active site residues 

The pKa values of acidic and basic limbs of β-glucosidase active site residues were 

determined at temperatures (45, 50, 55, 60 and 65 °C) as described by Dixon and Webb 

(1979). ΔHI was determined by plotting pKa values of active site residues determined at 

different temperatures against 1/T (Nadeem et al., 2009) and using the following equation: 

ΔHI = -slope × 2.303R                            ―12 

2.19.5. Effect of substrate 

The Michaelis-Menten kinetic constants (Vmax, Km, kcat and kcat/Km) for cellobiose 

hydrolysis were determined by incubating fixed amount (1.5 μg) of β-glucosidase with varied 

concentrations of cellobiose ranging from 0.37 to 5.84 (mM) at 65 °C, pH 5.0 as described 

previously (Javed et al., 2009). Stock solution of cellobiose (30 mM) was prepared in 50 mM 

sodium acetate buffer pH 5.0 and required concentrations of cellobiose were prepared by 

diluting the stock solution with 50 mM sodium acetate buffer pH 5. 

2.19.6. Thermodynamics of cellobiose hydrolysis 

The thermodynamic parameters for substrate hydrolysis (cellobiose) were calculated 

by using the re-arranged Eyring’s absolute rate equation derived from the transition state 

theory (Eyring and Stearn, 1939).  

kcat = (kbT/h).e (-ΔH*/RT).e (ΔS*/R)                              ―13 

Where, 

kb = Boltzmann’s constant (R/N) = 1.38×10-23 JK-1 

T = Absolute temperature (K) 

h = Planck’s constant = 6.626×10-34 Js 

N = Avogadro’s number = 6.02 × 1023 mol-1 

R = Gas constant = 8.314 J K-1 mol-1 

ΔH* = Enthalpy of activation 

ΔS* = Entropy of activation 

ΔH* = Ea-RT                              ―14 

ΔG* (Free energy of activation) = -RT ln (kcat.h/kb.T)                        ―15 



Chapter 02                                                                                             Materials & Methods  
 

 59

ΔS* = (ΔH*- ΔG*)/T                             ―16 

The free energy of substrate binding and transition state formation was calculated 

using the following derivations: 

ΔG*E-S (free energy of substrate binding) = -RT ln Ka                        ―17 

Where, Ka = 1/Km 

ΔG*E-T (free energy for transition state formation) = -RT ln (kcat/Km)                      ―18  

2.20. Determination of stability 

The stability of BGL from Aspergillus niger NIBGE (P) and its 2-deoxy-D-glucose 

resistant γ-rays mutant (M-6) were determined against different denaturants like temperature, 

protease and urea. 

2.20.1. Irreversible thermal inactivation 

Irreversible thermal inactivation of enzyme (BGL) was determined by incubating the 

enzyme solution in 10 mM Tris-HCl buffer (pH 7) at temperatures (49, 52, 55, 58, 61 °C) in 

the absence of substrate. Aliquots were withdrawn at regular time intervals, cooled on ice for 

30 min and then assayed for % residual β-glucosidase activity at optimized conditions (65 

°C). The data was fitted to first order plots and inactivation rate constants (Kd) were 

determined as described previously (Munch and Tritsch, 1990; Montes et al., 1995; Javed et 

al., 2009). 

2.20.2. Kinetics and thermodynamics of irreversible thermal inactivation 

The first-order rate constants for irreversible thermal inactivation (Kd) of the BGL 

were determined and Arrhenius plot was applied to determine the activation energy for 

inactivation (Ea(d)).  

Thermodynamics of irreversible inactivation of BGL was determined using the re-

arranged Eyring’s absolute rate equation derived from the transition state theory (Eyring and 

Stearn, 1939). 

Kd = (kb.T/h).e(-ΔH*/RT).e(ΔS*/R)                            ―19 

ΔH*, ΔG*, and ΔS* of irreversible inactivation were calculated by applying Eq. # 14, 

15 and 16 with the modifications that in Eq. # 14 Ea(d)  was used instead of Ea and in Eq. # 15 

Kd was used in place of kcat. Half life (t½) was calculated using the relation 0.693/Kd. 

2.20.3. Effect of protease 

Effect of protease on the BGL was determined as described earlier (Rashid and 

Siddiqui, 1997; Javed et al., 2009). Aliquots of purified BGL from A. niger parent (P) and 

mutant (M-6) were incubated individually at 37 °C with 10 mg ml-1 α-chymotrypsin in 10 

mM Tris-HCl, pH 8.0. Different time course aliquots were withdrawn and immediately 
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assayed at 65 °C, pH 5.0 for % residual enzyme activity. Half life (t½) was calculated using 

the relation 0.693/Kd. 

2.20.4. Effect of urea 

Effect of  urea on purified BGL activity was determined by incubating the enzymes at 

30±1 °C in 10 mM Tris/HCl buffer (pH 7) containing urea (4, 6 and 8 M) as described earlier 

(Rashid and Siddiqui, 1998; Javed et al., 2009) in separate experiments. Different time course 

aliquots were withdrawn and immediately assayed at 65 °C, pH 5.0 for % residual enzyme 

activity. Half life (t½) was calculated using the relation 0.693/Kd. 

2.21. Effect of metals on β-glucosidase activity and stability 

2.21.1. Apo-enzyme preparation 

In order to determine the effects of Ca2+ and Mn2+ on β-glucosidase activity and 

stability, the apo-enzyme was prepared by chelating the metals from native BGL, which was 

carried out by dialysing it against 2 litres of 5 mM EDTA in 50 mM MOPS buffer (pH 7) for 

24 h. Then EDTA was removed by dialysing apo-β-glucosidase against distilled water for 24 

h. Buffer and water was refreshed after every 6 h. After dialysis, the apo-enzyme stability and 

recovery was determined through enzyme assay. 

2.21.2. Temperature optimum and activation energy (Ea) 

The activity of apo-β-glucosidase (1.65 μg) in the absence and presence of varied 

concentrations of CaCl2 (0.015–0.09 mM) and MnCl2 (0.015–0.09 mM) in the reaction 

mixture was determined at temperatures (35-70 °C) as described previously (Section 2.19.1). 

The energy of activation for cellobiose hydrolysis was determined as described earlier 

(Nadeem et al., 2009). 

2.21.3. Optimum pH  

Apo-β-glucosidase (1.65 μg) was assayed in the absence and presence of varied 

concentrations of CaCl2 (0.015–0.09 mM) and MnCl2 (0.015–0.09 mM) in the reaction 

mixture at temperatures (35, 45, 55 and 65 °C) as described earlier (Section 2.19.3) with 

varying pH (2-8). 

2.21.4. Heat of ionization (ΔHI) of active site residues 

The pKa values of acidic and basic limbs of apo-β-glucosidase active site residues in 

the absence and presence of Ca2+ and Mn2+ (0.015–0.09 mM) ions were determined at 

temperatures (35, 45, 55 and 65 °C) as described by Dixon and Webb (1979). ΔHI was 

determined by plotting pKa values of active site residues determined at different temperatures 

against 1/T as described earlier in Section 2.19.4. 
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2.21.5. Kinetics and thermodynamics of cellobiose hydrolysis 

The Michaelis-Menten kinetic constants (Vmax, Km, kcat and kcat/Km) for cellobiose 

hydrolysis were determined by assaying fixed amount (1.82 μg) of apo-β-glucosidase with 

varied concentrations of cellobiose (0.37–4.38 mM) at 65 °C, pH 5.0 in the absence and 

presence of several fixed concentrations of CaCl2 (0.015–0.09 mM) and MnCl2 (0.015–0.09 

mM).   

Stock solutions (50 mM) of each metal (CaCl2 and MnCl2) were prepared in 100 mM 

MES (pH 5.0). Appropriate amount of the stock was added for required concentration of the 

metal in the reaction mixture. The amount of apo-β-glucosidase was kept constant in all 

experiments. The Km and Vmax were determined by using Lineweaver-Burk plot (Bhatti et al., 

2007a). Thermodynamic parameters H*, G*, S*, G*E-S and G*E-T for cellobiose 

hydrolysis were determined by using eq. # 14, 15, 16, 17 and 18, respectively. 

2.21.6. Elucidation of kinetic mechanism for β-glucosidase activation 

Kinetic mechanism of β-glucosidase activation by Ca2+ ions was evaluated by 

determining the dissociation constants (KS
A and  KS

S) for the binary complexes (EA and ES) 

and dissociation constants (Km
A and Km

S) for the ternary complexes (ESA and EAS), 

respectively (Dixon and Webb, 1979).  

Where, 

Km
A = dissociation constant of metal (A) from enzyme (E) bound with substrate (S) 

Km
S = dissociation constant of S from the E bound with A 

KS
A = dissociation constant of A from free E 

KS
S = dissociation constant of S from free E 

k = kcat (Vmax/[e]); if activator (Ca2+) binds 1st with free E  

k′ = kcat (Vmax/[e]); if substrate binds 1st with free E 

 While, the kinetic mechanism of β-glucosidase inhibition by Mn2+ ions was evaluated 

by determining the inhibition constants Ki (if inhibitor (Mn2+) binds 1st with free enzyme) and 

Ki′ (if inhibitor (Mn2+) binds with enzyme-substrate complex) as described by Dixon and 

Webb (1979). 

2.21.7. Effect of metals on irreversible thermal inactivation 

The apo-β-glucosidase was incubated separately in CaCl2 and MnCl2 (10 mM of each) 

at 30±1 °C for 30 min. Irreversible thermal inactivation of apo- and metal bound-β-

glucosidase at temperatures (61, 64, 67, 70 °C) was determined according to the method 

described in Sections 2.20.1 and 2.20.2. The data was fitted to first order plots and analyzed 
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(Munch and Tritsch, 1990; Montes et al., 1995). Activation energy for irreversible thermal 

inactivation of apo- and metal bound-β-glucosidase (Ea(d)) was determined by applying 

Arrhenius plot. ΔH*, ΔG* and ΔS*
 of irreversible thermal inactivation were calculated by 

applying Eq. #  14, 15 and 16, respectively,  with the modifications that in Eq # 14, Ea(d)  was 

used instead of Ea and in Eq # 15, Kd was used in place of kcat. 

2.22. Immobilization of BGL on polymeric materials 

2.22.1. Preparation of enzyme coatings 

 For entrapment of β-glucosidase from Aspergillus niger in polymeric materials, the 

partially purified enzyme after ultra-filtration was mixed with the polymeric mixtures 

(Polyurethane, Latex or Silicone) and coated on the fibers of 2 × 2 cm2 sponge pieces (Paint 

and Varnish Hand Sanding Stripping Pad, 3M, USA, cat # 7413) as follows: 

Entrapment within silicone polymer: 

Composition: 

 In a scintillation glass vial: 

1) Sylgard 184 Silicone Elastomer Base (Dow Corning, USA)  2 g 

2) Sylgard 184 Silicone Elastomer Curing Agent (Dow Corning, USA) 0.2 g 

were weighed (one by one) and then added:  

3) n-Butyl Acetate        1000 μl  

4) BYK 333 (BYK-Chemie, USA)      100 μl 

17% w/v (1.2 g BYK 333 + 7.22 ml Butyl Acetate)   

5) β-glucosidase enzyme (8 mg ml-1)     500 μl 

or  

H2O (control)        500 μl 

Mixture was mixed for 1 min with over-head stirrer and then added: 

6) Syl-Off 4000 Catalyst (Dow Corning, USA)    4 tiny drops (~ 40 mg) 

(Enough for two sponge pieces of 2 × 2 cm2) 

Again the mixture was mixed for 1 min with over-head stirrer, then  2 × 2 cm2 sponge 

pieces were soaked in that and cured at 40±1 °C for two hours or overnight, on a rotary 

shaker (10-12 rpm, vertical mount). 

Entrapment within polyurethane polymer: 

Composition: 

 In a scintillation glass vial: 

1) Component A: Desmophen A 870 (Bayer, Germany)   2.1 g 

was weighed and then added: 
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2) n-Butyl Acetate        1000 μl  

3) BYK 333 (BYK-Chemie, USA)      100 μl 

 17% w/v (1.2 g BYK 333 + 7.22 ml Butyl Acetate) 

4) β-glucosidase enzyme (8 mg ml-1)     500 μl 

  or  

H2O (control)        500 μl 

Mixture was mixed for 1 min with over-head stirrer and then transferred to a new 

scintillation glass vial containing: 

5) Component B: Desmodur N 3600 (Bayer, Germany)   0.8 g 

(Enough for two sponge pieces of 2 × 2 cm2) 

Again the mixture was mixed for 1 min with over-head stirrer, then  2 × 2 cm2 sponge 

pieces were soaked in that and cured at 40±1 °C for two hours or overnight, on a rotary 

shaker (10-12 rpm, vertical mount). 

Entrapment within latex polymer: 

Composition: 

 In a scintillation glass vial: 

1) Latex: Coseal 55-114 (Rohm and Haas, USA)    2000 μl (2 g)  

was taken and then added (slowly) with shaking: 

2) β-glucosidase enzyme (8 mg ml-1)     500 μl 

or  

H2O (control)        500 μl 

(Enough for two sponge pieces of 2 × 2 cm2) 

The mixture was mixed for 1 min with over-head stirrer, then  2 × 2 cm2 sponge 

pieces were soaked in that and cured at 40±1 °C for two hours or overnight, on a rotary 

shaker (10-12 rpm, vertical mount). 

After curing of each polymeric material, the pieces were washed several times with 

distilled water to remove unbound enzyme. The immobilized enzyme was kept at 4 °C for 

further use. Proteins and β-glucosidase activity (at 60 °C) was measured after each washing 

as described earlier in Sections 2.6 and 2.7. 

2.22.2. Characterization of free and immobilized enzyme 

2.22.2.1. Entrapment efficiency and apparent activity 

 The amount of immobilized enzyme within polymeric material was calculated by 

the difference between the initial amount of enzyme and the enzyme released during 



Chapter 02                                                                                             Materials & Methods  
 

 64

washings. The immobilized protein was then converted to entrapment efficiency using the 

following equation: 

 

 

  

 The weight of polymeric coatings on 2 × 2 cm2 sponge pieces was calculated by the 

difference between the initial dry weight of sponge pieces and weight of sponge pieces after 

coating. The weight was then used to calculate the apparent activity using the following 

equation: 

 

 

 

 The relative activity is defined as ratio of activities of immobilized and free enzyme 

and was converted to % relative activity by using the following equation: 

 

 

 

2.22.2.2. Effect of enzyme concentration on apparent activity 

 The effect of enzyme concentration on apparent activity was determined by 

entrapping various concentrations (0.1-4 mg) of the β-glucosidase enzyme within latex and 

silicone polymers. 

2.22.2.3. Effect of temperature 

Optimum temperature and activation energy for free and immobilized β-glucosidase 

(latex and silicone) were determined at various temperatures 40-75 °C. The data was plotted 

using Arrhenius plot as described previously in Section 2.19.1. 

2.22.2.4. Irreversible thermal inactivation 

The thermal stability of free and immobilized enzyme preparations (latex and 

silicone) was determined by incubation at a particular temperature (40, 50 and 60 °C) and pH 

5.0 (50 mM Sodium acetate buffer). For free enzyme, aliquots were taken after every 2 h, 

cooled on ice for 30 min and assayed for % residual β-glucosidase activity at optimized 

conditions. In case of immobilized enzyme, during incubation at a particular temperature 

individual sponge pieces were harvested after every 2 h and assayed for % residual β-

glucosidase activity at optimized conditions (60 °C). The data was fitted to first order plots 

         Protein immobilized 
Entrapment efficiency (%) =                                                   × 100                                   ―20 
                 Protein loaded

             Enzyme units (U min-1) 
Apparent activity (U g-1 polymer) =                                                                 ―21 
             Weight of coated polymer (g) 

          Specific activity of immobilized enzyme (U mg-1 protein)  
Relative activity (%) =                                                                              × 100  ―22 
        Specific activity of free enzyme (U mg-1 protein) 
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and inactivation rate constants (Kd) were determined as described previously in Section 

2.20.1. 

2.22.2.5. Hydrolysis of cellulosic substrates  

The efficiency of free and immobilized β-glucosidase (latex and silicone) for the 

hydrolysis of Whatman filter paper (FP), Carboxymethyl cellulose-sodium salt (CMC) or 

Methyl cellulose (MC) was determined by incubating at 40±1 °C for 60 h the 10 ml mixture 

containing: 2% (w/v) substrate (FP, CMC or MC) dissolved in 50 mM sodium acetate buffer, 

pH 5; 0.004% (w/v) tetracycline (Stock solution: 4% w/v in 50% v/v ethanol; to prevent 

microbial growth); 20 units of Carezyme 1000L (Cellulase, Sigma, USA) g-1 substrate and/or 

free or immobilized β-glucosidase (1.6 mg protein). A control without β-glucosidase 

supplementation was also assayed simultaneously. Time course aliquots were withdrawn 

after every 12 h and released glucose due to hydrolysis was determined by glucose oxidase-

peroxidase based glucose measuring kit (Appendix-3). 

2.22.2.6. Functional stability and reusability 

The immobilized β-glucosidase (latex and silicone) was repeatedly used to determine 

its functional stability and reusability for the hydrolysis of Whatman filter paper (FP) by 

incubating the mixture (described in Section 2.22.2.5) at 40 °C. Time course aliquots were 

withdrawn after every 12 h and released glucose due to hydrolysis was determined by glucose 

oxidase-peroxidase based glucose measuring kit (Appendix-3). After each cycle of 48 h, 

sponge pieces carrying immobilized enzyme were rinsed with distilled water and again 

supplemented with fresh mixture as described earlier in Section 2.22.2.5. This process was 

repeated for a total of 10 cycles of hydrolysis and % residual activity of the immobilized 

enzyme after each cycle was determined. 

2.22.3. Confocal and scanning electron microscopy 

The coatings were prepared as described in Section 2.22.1 containing 0.1% (w/v) 

Fluorescein sodium (Uranin) for imaging using Nikon C1 Spectral Imaging Inverted 

Confocal Microscope at 488 nm excitation filter. 

The palladium-gold alloy coated sponge pieces, carrying enzyme within polymeric 

coatings (before and after washings as well as after multiple reuses), were also analyzed 

under Hitachi S3500N Scanning Electron Microscope, for the determination of their 

morphology and consistency. 

2.23. Statistical analysis 

Statistical analysis was determined after Steel et al. (1997). 
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Chapter-03 
 

Results 

 
3.1.    Mutagenesis of Aspergillus niger by gamma rays treatment  

Behavior of organism and its potential to form metabolites can be altered by 

mutations. Therefore, mutation of wild type Aspergillus niger NIBGE (P) was carried out by 

exposing its conidial suspension to different doses of γ-rays (0.4-1.4 kGray). To select the de-

repressed mutants, the irradiated conidia were allowed to grow in Vogel’s medium containing 

1% (w/v) 2-deoxy-D-glucose at 30±1 °C for 48 h and colony forming units were calculated 

(Table-3.1).  

 

Table-3.1: Effect of gamma (γ)-rays treatment on the survival of A. niger NIBGE 

Dose (kGy) CFU ml-1 % Survival % Kill Log Kill 

0.4 32,00,000 88.889 11.111 0.05 

0.5 6,30,000 17.500 82.500 0.76 

0.6 1,60,000 4.444 95.556 1.36 

0.7 25,000 0.694 99.306 2.16 

0.8 6,300 0.175 99.825 2.76 

0.9 2,000 0.056 99.944 3.26 

1.0 800 0.022 99.978 3.66 

1.1 160 0.004 99.996 4.36 

1.2 60 0.002 99.998 4.78

 Where: CFU ml-1 is an average of triplicate values. 
CFU ml-1 = (Avg. viable count) /(Vol. of diluted sample (ml) being spread on plate × Dilution factor) 
Control CFU ml-1 = 36,00,000 (3.6 × 106) 
% Survival = (CFU ml-1 of irradiated/ CFU ml-1 of control) ×100 
% Kill = 100 - % Survival 
Log kill = log CFU ml-1 of control - log CFU ml-1 of irradiated 

 

The irradiated conidia exposed to 0.9 kGray (kGy) dose of γ-rays gave more than 3 

log kill (99.9%). The cells from the selected dose were diluted to 10-2 and spread on Vogel’s 

medium containing 1% (w/v) 2-deoxy-D-glucose (2DOG), 1% (w/v) cellobiose, 0.4% (w/v) 

esculin (6,7-Dihydroxycoumarin 6-glucoside), 0.04% (w/v) ferric ammonium citrate, 0.2% 

(w/v) bile bovine (synonym, oxgall powder) and 1.5% (w/v) agar for the selection of β-
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glucosidase (BGL) hyper-producer mutant. The black zone diameters of seven 2DOG-

resistant best grown colonies (replica plated) were measured (Table-3.2). One of the 

derivative colonies (M-6), producing largest black zone (24 mm) as compared to the parent 

(15 mm) was selected for further studies (Fig-3.1). The selected mutant derivative (M-6) 

showed growth even on solid Vogel’s medium containing 2% (w/v) 2DOG as compared to 

parent (which only grew up to 0.8% w/v 2DOG). 

 

Table-3.2: Plate assay for β-glucosidase production by 2DOG resistant mutant 

derivatives of A. niger NIBGE. Data presented are average values  SD of n = 
3 experiments. 

A. niger 
Black zone diameter (mm) at time intervals (h) 

24 48 72 

Control 4±0.5 10±0.5 15±1.0 

M-1 7±1.0 16±0.5 20±1.0 

M-2 6±0.5 15±1.0 18±0.5 

M-3 7±0.5 14±0.5 19±0.5 

M-4 6±0.5 13±0.5 17±1.0 

M-5 5±0.5 12±1.0 17±0.5 

M-6 8±0.5 15±0.5 24±0.5 

M-7 7±0.5 13±0.5 18±1.0 

 

 

 
 

Fig-3.1: β-Glucosidase plate assay for parent and mutant M-6 of A. niger (72 h). 
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3.2. Production of BGL by parent and mutant A. niger 

A. niger parent and mutant M-6 were grown in submerged cultivation to optimize the 

conditions (carbon source, temp, initial pH, inoculum level and substrate concentration) for 

maximum production of BGL and the growth kinetic parameters (, td, Yp/x, qp, qpmax, m) 

were determined to select the optimal conditions. Moreover, thermodynamic parameters 

(ΔH*, ΔG*, ΔS*) for growth of both strains were also determined. 

3.2.1. Effect of carbon source 

 Commercial grade glucose, cellobiose, CM-cellulose sodium salt (CMC) and wheat 

bran (2% w/v) were used as carbon source in Vogel’s medium. The strains were grown in 

submerged conditions at 30 °C, pH 5.0 and BGL, total protein and cell mass production were 

determined (Fig-3.2 to 3.4). The γ-rays mediated mutagenesis of A. niger strain resulted in 

hyper-production of BGLs and the mutant A. niger (M-6) showed quite high constitutive 

production of the enzyme (14900 U L-1) as compared to control (5900 U l-1) when grown on 

glucose as a sole carbon source (Table-3.3). The highest specific growth rate, µ (0.0925 h-1) 

of mutant was also observed when glucose was used as a carbon source, however on wheat 

bran the specific growth rate was also comparable (Table-3.3). The other kinetic growth 

parameters i.e. biomass doubling time (td), product yield coefficient with respect to cell mass 

(Yp/x) and specific rate of product formation (qp) for the BGL production also confirmed that, 

among the inductive substrates, wheat bran was the best (Table-3.3). 

 

 

  

      

 

Fig-3.2: Effect of different carbon sources (2% w/v) on β-glucosidase production by A. niger grown at 30 
°C, pH 5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 
experiments. 
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Fig-3.3: Effect of different carbon sources (2% w/v) on extracellular protein production by A. niger grown 
at 30 °C, pH 5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 
experiments. 

 

 

 

Fig-3.4: Effect of different carbon sources (2% w/v) on cell mass formation by A. niger grown at 30 °C, pH 
5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 experiments. 

 

 

      

Fig-3.5: Effect of different carbon sources (2% w/v) on specific growth rate (µ) of A. niger grown at 30 °C, 
pH 5.0: Parent (P) and Mutant (M-6).  
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Table-3.3: Effect of different carbon sources on the kinetic parameters for cell mass 

formation and β-glucosidase production by A. niger NIBGE (P) and mutant 
(M-6) grown under submerged condition at 30 °C, pH 5. 

 

Carbon 
source 

 
Strain 

Enzyme 
titer 

(U l-1) 

Total 
protein 
(g l-1) 

µ 
(h-1) 

td 
(h) 

Yp/x 
(U g-1) 

qp 
(U g-1 

cells h-1) 

Glucose 
P 5900± 511 0.35±0.02 0.0860 8.06 304 26.13 

M-6 14900±1043 0.53±0.03 0.0925 7.49 564 52.13 

Cellobiose 
P 3840±192 0.37±0.04 0.0289 23.98 977 28.24 

M-6 7400±260 0.53±0.03 0.0389 17.82 1845 71.79 

CMC 
P 8923±625 0.53±0.03 0.0289 23.98 836 24.17 

M-6 15800±1106 0.5±0.03 0.0415 16.70 1357 56.33 

Wheat 
Bran 

P 15050±753 0.71±0.04 0.0839 8.26 1744 146.31 

M-6 27540±1377 0.62±0.03 0.0891 7.78 2854 254.28 

Where: each value is a mean of three replicates ± standard deviation. µ = specific growth rates were determined 
from Fig-3.5. td = biomass doubling time, Yp/x = product yield coefficient with respect to cell mass, qp = specific 
rate of product formation were calculated using eq. # 3, 4 and 5, respectively.  
 
 

3.2.2. Effect of temperature  

Production of BGL, total proteins (TP), specific growth rate (µ) and doubling time (td) 

for biomass formation was determined for the parent and mutant strains of A. niger grown on 

2% (w/v) wheat bran, pH 5.0 at temperatures 24-39±1C (Fig-3.6 to 3.8). The growth of A. 

niger parent and its mutant derivative (M-6) on wheat bran was strongly affected by 

temperature. The mutant showed about double BGL production as compared to parent strain 

and maximum production of BGL from parent (15050±753 U l-1) and mutant (27540±1377 U 

l-1) was at 30 ºC. The µ for parent (0.0985 h-1) and mutant (0.0958 h-1) was maximum at 36 

C and the biomass td (doubling time) values of parent and mutant strains were 7.04 h and 

7.23 h, respectively, at 36 C (Table-3.4). 

The BGL yield (Yp/x) of both parent (1744 U g-1 cells) and mutant (2854 U g-1 cells) 

strains of A. niger was maximum at 30 C. However, the trend of qp of both strains showed 

maximum specific product formation rate between 30-33 C. The qp of parent and mutant at 

30 C was 146.31 U g-1cells h-1 and 254.28 U g-1cells h-1, respectively (Table-3.4). 
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Fig-3.6: Effect of temperature on β-glucosidase production by A. niger grown on 2% (w/v) wheat bran, pH 
5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 experiments. 

 

 

 

 

Fig-3.7: Effect of temperature on extracellular protein production by A. niger grown on 2% (w/v) wheat 
bran, pH 5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 
experiments. 

 

 

 

 

Fig-3.8: Effect of temperature on cell mass formation by A. niger grown on 2% (w/v) wheat bran, pH 5.0: 
Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 experiments. 
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Fig-3.9: Effect of temperature on specific growth rate (µ) of A. niger grown on 2% (w/v) wheat bran, pH 
5.0: Parent (P) and Mutant (M-6).  

 

Table-3.4: Effect of temperature on the kinetic parameters for cell mass formation and 
β-glucosidase production by A. niger NIBGE (P) and mutant (M-6) grown 
under submerged condition on wheat bran (2% w/v), pH 5. 

 

Temp. 
(°C) 

Strain 
Enzyme titer 

(U l-1) 

Total 
protein  
(g l-1) 

µ (h-1) td (h) 
Yp/x 

(U g-1) 

qp 
(U g-1 cells 

h-1) 

24 
P 3670±175 0.63±0.03 0.0665 10.42 677 45.06 

M-6 7230±362 0.55±0.02 0.0836 8.29 1149 96.09 

27 
P 5390±232 0.68±0.03 0.0712 9.74 993 70.67 

M-6 8950±314 0.58±0.02 0.0875 7.92 1416 123.91 

30 
P 15050±753 0.71±0.04 0.0839 8.26 1744 146.31 

M-6 27540±1377 0.62±0.03 0.0891 7.78 2854 254.28 

33 
P 13800±293 0.72±0.03 0.0912 7.60 1597 145.67 

M-6 26200±704 0.63±0.02 0.0920 7.54 2695 247.93 

36 
P 5500±275 0.68±0.03 0.0985 7.04 805 79.32 

M-6 8910±446 0.54±0.03 0.0958 7.23 1043 100.00 

39 
P 2925±146 0.56±0.03 0.1054 6.58 677 71.37 

M-6 1280±64 0.39±0.03 0.1004 6.90 281 28.18 
Where: each value is a mean of three replicates ± standard deviation. µ = specific growth rates were determined 
from Fig-3.9. td = biomass doubling time, Yp/x = product yield coefficient with respect to cell mass, qp = specific 
rate of product formation were calculated using eq. # 3, 4 and 5, respectively.  
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3.2.3. Effect of initial pH  

Growth kinetic parameters were calculated for the parent and mutant strains grown on 

wheat bran (2% w/v) at 30 °C in pH range of 3-7 (Fig-3.10 to 3.12). In the absence of pH 

control, the optimal kinetic parameters of both strains were achieved in the initial pH range of 

4-6. Both parent and mutant strains produced BGL and TP maximally at pH 5. However, the 

mutant performed better than parent strain at all studied pHs. The mutant gave about two fold 

higher production of BGL as compared to the control strain (Table-3.5).  The µ for biomass 

production of parent and mutant was also maximum at pH 5 and their td values were 8.26 h 

and 7.78 h, respectively.  

The BGL yield coefficient (Yp/x) of parent (1744 U g-1cells) and mutant (2854 U g-

1cells) A. niger were also maximum at pH 5. The trend of qp also supported these results. The 

parent and mutant strains also showed maximum specific product formation rate (qp) i.e., 

146.31 U g-1cells h-1 and 254.28 U g-1cells h-1, respectively at pH 5.0 (Table-3.5). 

 

        

Fig-3.10: Effect of initial pH on β-glucosidase production by A. niger grown on 2% (w/v) wheat bran at 30 
°C: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 experiments. 

 

 

              

Fig-3.11: Effect of initial pH on extracellular protein production by A. niger grown on 2% (w/v) wheat bran 
at 30 °C: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 
experiments. 
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Fig-3.12: Effect of initial pH on cell mass formation by A. niger grown on 2% (w/v) wheat bran at 30 °C: 
Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 experiments. 

 

 

 

Table-3.5: Effect of initial pH of medium on the kinetic parameters for cell mass 
formation and β-glucosidase production by A. niger NIBGE (P) and 
mutant (M-6) grown under submerged condition on wheat bran (2% w/v) 
at 30 °C. 

 

pH Strain 
Enzyme  

titer  
(U l-1) 

Total 
protein  
(g l-1) 

µ (h-1) td (h) 
Yp/x 

(U g-1) 

qp 
(U g-1 

cells h-1) 

3 
P 1390±60 0.59±0.03 0.0691 10.03 465 32.12 

M-6 5800±276 0.53±0.02 0.0706 9.82 1946 137.41 

4 
P 10125±506 0.69±0.03 0.0812 8.54 920 74.74 

M-6 20000±998 0.6±0.03 0.0817 8.48 2685 219.33 

5 
P 15050±753 0.71±0.04 0.0839 8.26 1744 146.31 

M-6 27540±1377 0.62±0.03 0.0891 7.78 2854 254.28 

6 
P 10125±506 0.72±0.03 0.0782 8.86 1567 122.57 

M-6 17020±675 0.54±0.03 0.0837 8.28 1501 125.62 

7 
P 165±8 0.52±0.03 0.0754 9.19 446 33.62 

M-6 250±13 0.49±0.04 0.0793 8.74 431 34.18 
Where: each value is a mean of three replicates ± standard deviation. µ = specific growth rates were determined 
from Fig-3.13. td = biomass doubling time, Yp/x = product yield coefficient with respect to cell mass, qp = specific 
rate of product formation were calculated using eq. # 3, 4 and 5, respectively.  
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Fig-3.13: Effect of initial pH on specific growth rate (µ) of A. niger grown on 2% (w/v) wheat bran at 30 °C: 
Parent (P) and Mutant (M-6).  

 
3.2.4. Effect of inoculum level  

Varying inoculum levels were tested to study their effect on BGL, total protein and 

cell mass production by the A. niger strains (Fig-3.14 to 3.16). An inoculum level of 0.184 

mg wet cells ml-1 of medium (10% v/v) was found to be optimum for BGL production 

(15050±753 and 27540±1377 U l-1, respectively) by parent and mutant A. niger strains 

(Table-3.6). A lower level of BGL production was observed when higher or lower inoculum 

levels than optimal was used. The specific growth rates (µ) of parent and mutant strains were 

0.0839 h-1 and 0.0891 h-1, while their td were 8.26 h and 7.78 h at an inoculum level of 0.184 

mg wet cells ml-1. 

The BGL yield (Yp/x) of both parent (1744 U g-1 cells) and mutant (2854 U g-1 cells) A. 

niger strains was also maximum at inoculum level of 0.184 mg wet cells ml-1. The qp of both 

strains showed sharp decline at higher inoculums levels (Table-3.6). 

 

 

  

Fig-3.14: Effect of inoculum levels on β-glucosidase production by A. niger grown on 2% (w/v) wheat bran at 
30 °C, pH 5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 
experiments. 
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Fig-3.15: Effect of inoculum levels on extracellular protein production by A. niger grown on 2% (w/v) wheat 
bran at 30 °C, pH 5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 
experiments. 

 

 

    

Fig-3.16: Effect of inoculum levels on cell mass formation by A. niger grown on 2% (w/v) wheat bran at 30 
°C, pH 5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 
experiments. 

 

 

 

    
Fig-3.17: Effect of inoculum levels on specific growth rate (µ) of A. niger grown on 2% (w/v) wheat bran at 30 

°C, pH 5.0: Parent (P) and Mutant (M-6). 
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Table-3.6: Effect of inoculum levels on the kinetic parameters for cell mass formation 
and β-glucosidase production by A. niger NIBGE (P) and mutant (M-6) 
grown under submerged condition on wheat bran (2% w/v) at 30 °C, pH 5. 

 

Inoculum 
level  

(mg wet 
cells ml-1 of 
medium) 

Strain 
Enzyme titer 

(U l-1) 

Total 
protein  
(g l-1) 

µ (h-1) 
td 

(h) 
Yp/x 

(U g-1) 

qp 
(U g-1 

cells h-1) 

0.092 
P 14260±656 0.5±0.03 0.0704 9.85 1308 92.10 

M-6 22840±1085 0.72±0.03 0.0819 8.46 1851 151.59 

0.184 
P 15050±753 0.71±0.04 0.0839 8.26 1744 146.31 

M-6 27540±1377 0.62±0.03 0.0891 7.78 2854 254.28 

0.276 
P 10670±496 0.85±0.03 0.0841 8.24 843 70.88 

M-6 18540±778 0.6±0.02 0.0915 7.58 953 87.22 

0.368 
P 6670±334 0.8±0.03 0.0832 8.33 412 34.28 

M-6 13250±598 0.75±0.03 0.0882 7.86 542 47.78 

0.460 
P 4330±217 0.65±0.03 0.0831 8.34 249 20.68 

M-6 12270±614 0.8±0.03 0.0873 7.94 523 45.68 
Where: each value is a mean of three replicates ± standard deviation. µ = specific growth rates were determined 
from Fig-3.17. td = biomass doubling time, Yp/x = product yield coefficient with respect to cell mass, qp = specific 
rate of product formation were calculated using eq. # 3, 4 and 5, respectively.  
 
3.2.5. Effect of substrate concentration 

The BGL production by the parent (16200±591 U l-1) and mutant (29500±1103 U l-1) 

strains were observed maximum at 3% (w/v) wheat bran (Fig-3.18). However, BGL 

production from A. niger mutant were almost two times more than parent at all studied wheat 

bran concentrations (Table-3.7). Effect of wheat bran concentration on the production of total 

protein and cell mass is presented in Fig-3.19 and 3.20. The specific growth rates (µ) of 

parent and mutant strains were 0.0882 h-1 and 0.0936 h-1, while their td were 7.86 h and 7.41 

h at 3% (w/v) wheat bran. 

The BGL yield coefficient (Yp/x) by parent (153.31 U g-1 cells) and mutant (276.67 U 

g-1 cells) A. niger was also maximum on 3% (w/v) wheat bran. The trend of qp for parent and 

mutant strains on various wheat bran concentrations also indicated that maximum specific 

product formation was on 3% (w/v) wheat bran (Table-3.7). 
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Fig-3.18: Effect of wheat bran concentration on β-glucosidase production by A. niger grown at 30 °C, pH 5.0: 
Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 experiments. 

 

 

 

     

Fig-3.19: Effect of wheat bran concentration on extracellular protein production by A. niger grown at 30 °C, 
pH 5.0: Parent (P) and Mutant (M-6). Data presented are average values  SD of n = 3 experiments. 

 

 

 

     

Fig-3.20: Effect of wheat bran concentration on cell mass formation by A. niger grown at 30 °C, pH 5.0: Parent 
(P) and Mutant (M-6). Data presented are average values  SD of n = 3 experiments. 

 

0 24 48 72 96 120 144 168 192

Time (h)

0

4

8

12

16

20

(T
h

ou
sa

n
d

s)

b
et

a-
gl

u
co

si
d

as
e 

(U
 L

-1
) 1% w/v

2% w/v

3% w/v

4% w/v

5% w/v

P

0 24 48 72 96 120 144 168 192

Time (h)

0

5

10

15

20

25

30

35

(T
ho

us
an

ds
)

b
et

a-
gl

u
co

si
d

as
e 

(U
 L

-1
) 1% w/v

2% w/v

3% w/v

4% w/v

5% w/v

M-6

0 24 48 72 96 120 144 168 192

Time (h)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

T
ot

al
 p

ro
te

in
s 

(g
 L

-1
)

1% w/v

2% w/v

3% w/v

4% w/v

5% w/v

P

0 24 48 72 96 120 144 168 192

Time (h)

0.00

0.20

0.40

0.60

0.80

1.00

T
ot

al
 p

ro
te

in
s 

(g
 L

-1
)

1% w/v

2% w/v

3% w/v

4% w/v

5% w/v

M-6

0 24 48 72 96 120 144 168

Time (h)

0

4

8

12

16

20

C
el

l m
as

s 
(g

 L
-1

)

1% w/v

2% w/v

3% w/v

4% w/v

5% w/v

P

0 24 48 72 96 120 144 168

Time (h)

0

5

10

15

20

25

30

C
el

l m
as

s 
(g

 L
-1

)

1% w/v

2% w/v

3% w/v

4% w/v

5% w/v

M-6



Chapter 03                                                                      Results 
 

 79

 

   
 

Fig-3.21: Effect of wheat bran concentration on specific growth rate (µ) of A. niger grown at 30 °C, pH 5.0: 
Parent (P) and Mutant (M-6).  

 

 

Table-3.7: Effect of wheat bran concentrations on the kinetic parameters for cell mass 
formation and β-glucosidase production by A. niger NIBGE (P) and mutant 
(M-6) grown under submerged condition at 30 °C, pH 5. 

 

Wheat 
Bran  
Conc.  

(% w/v) 

Strain 
Enzyme titer 

(U l-1) 

Total 
protein (g 

l-1) 
µ (h-1) 

td 
(h) 

Yp/x 
(U g-1) 

qp 
(U g-1 

cells h-1)

1 
P 6250±269 0.63±0.03 0.0718 9.65 1110 79.71 

M-6 10820±541 0.55±0.02 0.0741 9.35 1939 143.68 

2 
P 15050±753 0.71±0.04 0.0839 8.26 1744 146.31 

M-6 27540±1377 0.62±0.03 0.0891 7.78 2854 254.28 

3 
P 16200±591 0.69±0.03 0.0882 7.86 1738 153.31 

M-6 29500±1103 0.61±0.03 0.0936 7.41 2956 276.67 

4 
P 9400±470 0.67±0.03 0.0912 7.60 808 73.71 

M-6 20890±988 0.7±0.03 0.0955 7.26 1704 162.72 

5 
P 9100±455 0.95±0.03 0.0975 7.11 678 66.06 

M-6 15905±795 0.8±0.03 0.1000 6.93 944 94.45 

Where: each value is a mean of three replicates ± standard deviation. µ = specific growth rates were determined 
from Fig-3.21. td = biomass doubling time, Yp/x = product yield coefficient with respect to cell mass, qp = specific 
rate of product formation were calculated using eq. # 3, 4 and 5, respectively.  
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3.3. Thermodynamics of cell mass and β-glucosidase production 

Arrhenius plot was applied to determine the Ea(x) and Ea(p) (Fig-3.22 and 3.23, 

respectively). The activation energy Ea(x) for cell mass formation of parent was 22.86 kJ mol-

1, whereas that of the mutant strain was significantly reduced to 8.48 kJ mol-1. Hence, the 

mutant strain required low energy for cell mass formation, therefore, proved to be a faster 

growing strain. Similarly, the activation energy for product formation (Ea(p)) of mutant was 

lower (89.29 kJ mol-1) than the parental strain (107.08 kJ mol-1). The temperature quotient 

(Q10 factor) for cell mass formation and BGL production by both strains was also calculated 

and presented in Table-3.8.  

 

The maximum rate of cell mass formation (µm) and the maximum specific rate of 

product formation (qpmax) were determined by applying double reciprocal plots (Fig-3.24 and 

3.25, respectively). The µm values of both strains were almost same, whereas the substrate 

saturation constant (Ks(x)) to achieve µm of parent was slightly lower than the mutant. On the 

other hand, the qpmax of the mutant (625 U g-1cells h-1) was about two fold higher than the 

parent A. niger (357.14 U g-1cells h-1), while the substrate saturation constant (Ks(p)) was the 

same for both strains (Table-3.8).  

 

The ΔG*(x) for cell mass formation of the mutant (100.47 kJ mol-1) was slightly lower 

than that of parent strain (100.61 kJ mol-1), which means the rate of cell mass formation of 

mutant was higher. This result was also supported by the enthalpy change ΔH*(x). Very low 

ΔH*(x) of the mutant A. niger confirmed that the mutant strain was more active in biomass 

formation (Table-3.8).  

 

Thermodynamics of BGL production by mutant A. niger (ΔG*(p) and ΔH*(p)) were 

also very low as compared to the parental strain. The lower change in enthalpy and Gibbs 

free energy values again confirmed that the mutant required small amount of energy for the 

BGL production hence, confirmed that it was hyper producer strain. The ΔS*(x) and ΔS*(p) for 

cell mass and BGL production were also determined and presented in Table-3.8. 
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Fig-3.22:  Arrhenius plot for the determination of activation energy for cell mass formation (Ea(x)) by A. 

niger: Parent (P) and Mutant (M-6). 
 

 
Fig-3.23:  Arrhenius plot for the determination of activation energy for β-glucosidase production (Ea(p)) by A. 

niger: Parent (P) and Mutant (M-6). 
 

 
 
Fig-3.24:  Double reciprocal plot for the determination of maximum rate of cell mass formation (µm) and 

substrate saturation constant (Ks(x)) by A. niger: Parent (P) and Mutant (M-6). 

3.15 3.20 3.26 3.31 3.37 3.42

1000/T(K)

-4.00

-3.25

-2.50

-1.75

-1.00

ln
 m

eu
 (

h
-1

)

P

M-6

3.23 3.26 3.28 3.31 3.34 3.37 3.39 3.42

1000/T(K)

0

2

4

6

8

10

ln
 q

p
(U

 g
-1

 c
el

ls
 h

-1
)

P

M-6

-3 -2 -1 0 1 2

1/S (wheat bran: % w/v)

0

5

10

15

20

1/
m

eu
 (

h
-1

)

P

M-6



Chapter 03                                                                      Results 
 

 82

 
 
 
 
Table-3.8: Kinetics and thermodynamics of cell mass and β-glucosidase production by 

A. niger NIBGE (P) and mutant (M-6) grown on wheat bran under 
submerged condition at 30 °C, pH 5. 

 
Parameters Parent (P)  Mutant (M-6) 

C
el

l m
as

s 
fo

rm
at

io
n 

µm (h
-1) 0.1027 0.1085 

Ks(x) (% w/v) 0.4386 0.4651 

Ea(x) (kJ mol-1) 22.86 8.48 

ΔH*(x) (kJ mol-1) 20.34 5.96 

ΔG*(x) (kJ mol-1) 100.61 100.47 

ΔS*(x) (J mol-1 K-1) -264.90 -311.92 

Q10(x) 1.47 1.11 

B
G

L
 p

ro
d

u
ct

io
n 

qpmax (U g-1 cells h-1) 357.14 625.00 

Ks(p) (% w/v) 3.57 3.57 

Ea(p) (kJ mol-1) 107.08 89.29 

ΔH*(p) (kJ mol-1) 104.57 86.77 

ΔG*(p) (kJ mol-1) 80.07 78.66 

ΔS*(p) (J mol-1 K-1) 80.86 26.77 

Q10(p) 7.15 5.08 

 
Where: activation energy for cell mass formation (Ea(x)) and BGL production (Ea(p)) for parent (P) and mutant 

(M-6) were calculated from Fig-3.22 and Fig-3.23, respectively. The maximum rate of cell mass 
formation (µm) and substrate saturation constant (Ks(x)) for maximum cell mass formation were 
determined from Fig-3.24, whereas, maximum specific rate of product formation (qpmax) and substrate 
saturation constant (Ks(p)) for maximum product (BGL) production were calculated from Fig-3.25. Q10 
and thermodynamic parameters for cell mass formation (ΔH*(x), ΔG*(x) and ΔS*(x)) and product (BGL) 
production (ΔH* (p), ΔG* (p) and ΔS* (p)) were calculated as described in materials and methods section. 
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Fig-3.25:  Double reciprocal plot for the determination of maximum rate of product formation (qpmax) and 

substrate saturation constant (Ks(p)) by A. niger: Parent (P) and Mutant (M-6). 
 
 
 
 
 
 
3.4. SDS-DR-PAGE for subunit molecular mass determination and LC MS/MS 

analysis 

The apparent subunit molecular mass of the parent and mutant BGLs, determined on 

10% SDS-DR-PAGE (Fig-3.26), was the same (130 kDa). The corresponding protein bands 

of parent and mutant BGLs were also digested with trypsin and the resulted peptide mixtures 

were analyzed on mass spectrometer (Finnigan™ LTQ™, Thermo Fisher Scientific, USA) for 

comparison of parent and mutant protein amino acid sequences and their molecular masses. 

The calculated molecular masses on LC MS/MS were 93.24 kDa and 93.27 kDa for parent 

(Fig-3.28) and mutant BGL (Fig-3.30), respectively. The homology of BGL peptide 

sequences were determined against sequences available in nr-NCBI-cRAP data bank, using 

SEQUEST 3.3 software and the result was analyzed using Scaffold 3 software. The resulting 

spectrum also confirmed the identity of protein bands as β-glucosidase enzyme. The peptides 

from both parent (Fig-3.27 and 3.28) and mutant (Fig-3.29 and 3.30) showed 19% peptide 

sequence coverage with A. niger BGL, as shown by underlined letters. 
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Fig-3.26: 10% SDS-DR-PAGE for subunit molecular mass determination of A. niger BGLs (M: Invitrogen 
protein marker, cat # 10747-012; P: Crude BGL from parent; M-6: Crude BGL from mutant; 1 & 2 
Zymograph of parent and mutant BGLs, respectively. 

 
 

 

 

Fig-3.27:  Complete real time LC MS/MS chromatogram of A. niger parent (P) β-glucosidase trypsin 
digested peptides. 
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 beta-glucosidase II [Aspergillus niger], 93,240 Da 
 14 unique peptides, 16 unique spectra, 55 total spectra, 161/860 
 amino acids (19% coverage) 
 
 1 MRFTLIEAVA LTAVSLASAD ELAYSPPYYP SPWANGQGDW AEAYQRAVDI 
 51 VSQTTLAEKV NLTTGTGWEL ELCVGQTGGV PRLGIPGMCA QDSPLGVRDS 
 101 DYNSAFPAGV NVAATWDKNL AYLRGQAMGQ EFSDKGADIQ LGPAAGPLGR 
 151 SPDGGRNWEG FSPDPALSGV LFAETIKGIQ DAGVVATAKH YIAYEQEHFR 
 201 QAPEAQGYGF NITESGSANL DDKTTHELYL WPFADAIRAG AGAVMCSYNQ 
 251 INNSYGCQNS YTLSKLLKAE LGFQGFVMSD WAAHHAGVSG ALAGLDMSMP 
 301 GDVDYDSGTS YWGTNLTISV LNGTVPQWRV DDMAVRIMAA YYKVGRDRLW 
 351 TPPNFSSWTR DEYGFKYYYV SEGPYEKVNQ FVNVQRNHSE LIRRIGADST 
 401 VLLKNDGALP LTGKERLVAL IGEDAGSNPY GANGCSDRGC DNGTLAMGWG 
 451 SGTANFPYLM TPEQAISNEV LKNKNGVFTA TDNWAIDQIE ALAKTASVSL 
 501 VFVNADSGEG YINVDGNLGD RRNLTLWRNG DNVIKAAASN CNNTIVIIHS 
 551 VGPVLVNEWY DNPNVTAILW GGLPGQESGN SLADVLYGRV NPGAKSPFTW 
 601 GKTREAYQDY LYTEPNNGNG APQEDFVEGV FIDYRGFDKR NETPIYEFGY 
 651 GLSYTTFNYS NLQVEVLSAP AYEPASGETE AAPTFGEVGN ASDYLYPDGL 
 701 QRITKFIYPW LNSTDLEASS GDASYGQDAS DYLPEGATDG SAQPILPAGG 
 751 GAGGNPRLYD ELIRVTVTIK NTGKVAGDEV PQLYVSLGGP NEPKIVLRQF 
 801 ERITLQPSEE TQWSTTLTRR DLANWNVETQ DWEITSYPKM VFVGSSSRKL 
 851 PLRASLPTVH 
 
Fig-3.28:  Amino acid sequence of A. niger parent (P) β-glucosidase predicted by LC MS/MS analysis using 

SEQUEST 3.3. The matched peptides are bold highlighted. 
 
 
 

 

Fig-3.29:  Complete real time LC MS/MS chromatogram of A. niger mutant (M-6) β-glucosidase trypsin 
 digested peptides.  
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 beta-glucosidase II [Aspergillus niger], 93,270 Da 
 15 unique peptides, 18 unique spectra, 55 total spectra, 163/860 
 amino acids (19% coverage) 
 

 1 MRFTLIEAVA LTAVSLASAD ELAYSPPYYP SPWANGQGDW AEAYQRAVDI 
 51 VSQMTLAEKV NLTTGTGWEL ELCVGQTGGV PRLGIPGMCA QDSPLGVRDS 
 101 DYNSAFPAGV NVAATWDKNL AYLRGQAMGQ EFSDKGADIQ LGPAAGPLGR 
 151 SPDGGRNWEG FSPDPALSGV LFAETIKGIQ DAGVVATAKH YIAYEQEHFR 
 201 QAPEAQGYGF NITESGSANL DDKTMHELYL WPFADAIRAG AGAVMCSYNQ 
 251 INNSYGCQSS YTLNKLLKAE LGFQGFVMSD WAAHHAGVSG ALAGLDMSMP 
 301 GDVDYDSGTS YWGTNLTISV LNGTVPQWRV DDMAVRIMAA YYKVGRDRLW 
 351 TPPNFSSWTR DEYGFKYYYV SEGPYEKVNQ FVNVQRNHSE LIRRIGADST 
 401 VLLKNDGALP LTGKERLVAL IGEDAGSNPY GANGCSDRGC DNGTLAMGWG 
 451 SGTANFPYLV TPEQAISNEV LKNKNGVFTA TDNWAIDQIE ALAKTASVSL 
 501 VFVNADSGEG YIDVDGNLGD RRNLTLWRNG DNVIKAAASN CNNTIVIIHS 
 551 VGPVLVNEWY DNPNVTAILW GGLPGQESGN SLADVLYGRV NPGAKSPFTW 
 601 GKTREAYQDY LYTEPNNGNG APQEDFVEGV FIDYRGFNKR NETPIYEFGY 
 651 GLSYTTFNYS NLQVEVLSAP AYEPASGETE AAPTFGEVGN ASDYLYPDGL 
 701 QRITKFIYPW LNSTDLEASS GDASYGQDAS DYLPEGATDG SAQPILPAGG 
 751 GAGGNPRLYD ELIRVTVTIK NTGKVAGDEV PQLYVSLGGP NEPKIVLRQF 
 801 ERITLQPSEE TQWSTTLTRR DLANWNVETQ DWEITSYPKM VFVGSSSRKL 
 851 PLRASLPTVH 
 
Fig-3.30:  Amino acid sequence of A. niger mutant (M-6) β-glucosidase predicted by LC MS/MS analysis 
 using SEQUEST 3.3. The matched peptides are bold highlighted. 
 
 
 
3.5. Amplification and cloning of BGL gene from Aspergillus niger 

 The total genomic DNA was isolated from the aseptically harvested fresh mycelia of 

Aspergillus niger NIBGE (P) and its 2DOG-resistant mutant (M-6) using SDS-method (Fig-

3.31A) and used as a template in genomic PCR for the full length amplification of the β-

glucosidase genes as described earlier in materials and methods section. The appearance of 

single band (Fig-3.31B) represented high specificity of the designed primers for bgl gene 

within the genome. The amplified products of 2,949 bp were then treated with Taq 

polymerase at 72 °C for 10 min to add 3΄ A-overhangs, precipitated with phenol-chloroform 

(Fig-3.31C) and cloned in pTZ57R/T vectors. The plasmid DNA from few white colonies 

was isolated (Fig-3.31D). The recombinant plasmid constructs (designated as pBGL-P for 

parent and pBGL-M for mutant strain) were confirmed through restriction analysis by EcoRI; 

HindIII and EcoRI/HindIII, which produced expected size fragments of 3,303; 2,532 bp 

(reverse orientation); 5,835 (vector + insert) and 2,811; 2,532; 492 bp (last band not properly 

visible), respectively (Fig-3.32A). The confirmation of bgl gene cloning by PCR 

amplification (Fig-3.32B) was also done using bgl specific primers and recombinant plasmid 

(Fig-3.32C) DNA as template.  
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Fig-3.31:  Different steps in the cloning of bgl genes.  
 A: Isolation of genomic DNA from Aspergillus niger strains (M: 1 kb DNA ladder, 1: A. niger 
 parent genomic DNA, 2: A. niger mutant genomic DNA).  
 B: PCR amplification of full length bgl gene (2,949 bp) from A. niger genomic DNA (M: 1 kb 
 DNA ladder, N: Negative control, 1: A. niger parent PCR product, 2: A. niger mutant PCR 
 product). 
 C: Phenol-chloroform precipitated PCR products after Taq polymerase treatment (M: 1 kb 
 DNA ladder, 1: A. niger parent bgl PCR product, 2: A. niger mutant bgl PCR product). 
 D: Plasmid DNA isolation from transformed E. coli cells (M: 1 kb  DNA ladder, 1-4: Plasmid 
 DNA isolated from bacterial colonies 1-4). 
 
 
 
 
 
 
 
 
 



Chapter 03                                                                      Results 
 

 88

 

 
 
Fig-3.32:  Confirmation of the constructs (pBGL-P and pBGL-M) through restriction analysis and PCR. 
 A: Restriction analysis of bgl constructs (M: 1 kb DNA ladder, 1-3: pBGL-P digested with EcoRІ, 
 HindIII and EcoRІ/HindIII, respectively, 4-6: pBGL-M digested with EcoRІ, HindIII and 
 EcoRІ/HindIII, respectively). 
 B: PCR amplification of full length bgl gene from constructs, pBGL-P and pBGL-M (M: 1 kb 
 DNA ladder, N: Negative control, 1: pBGL-P PCR product, 2: pBGL-M PCR product). 
 C: Schematic drawing of the constructs pBGL-P or pBGL-M (LacZ α-peptide for blue/white 
 screening of recombinant clones, f1 origin of replication, PT7 promoter). 
 
 

3.6. Aspergillus niger BGL gene sequence 

 The sequences of bgl genes from both parent and mutant A. niger strains after 

sequencing through primer walking were submitted to GenBank (Accession # FJ794717 and 

EF409417), respectively. The comparative analysis of nucleotide sequence of bgl genes from 

both strains (parent and mutant) revealed that full length bgl gene consists of 2,949 bp and 7 

exons intercepted by six introns (Fig-3.33 and 3.34). The open reading frame encodes a 

polypeptide of 860 amino acid residues with calculated molecular masses of 93.24 and 93.27 

kDa, respectively and pI of 4.89 for both. SignalP analysis indicated that the β-glucosidase 

protein had a signal peptide of 19 amino acids at N-terminal, responsible for the enzyme 
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secretion outside the fungal cell in both strains (Fig-3.35). Based on amino acid sequence 

similarities, the enzyme belongs to family 3 of glycoside hydrolases and has retaining type of 

catalytic mechanism on the basis of anomeric carbon configuration of the product. 

 
 
1 ATGAGGTTCACTTTGATCGAGGCGGTGGCTCTGACTGCCGTCTCGCTGGCCAGCGCTgtacgtgccgtcacttcctttgtcgtgtgaat 
 M  R  F  T  L  I  E  A  V  A  L  T  A  V  S  L  A  S  A                                   
90 tgcaattgcgctcgattggattcacttctttgtttcgtcatcactaacaattgtctattcaaagGATGAATTGGCCTACTCCCCGCCGT 
                    D  E  L  A  Y  S  P  P  Y 
179 ATTACCCCTCCCCTTGGGCCAATGGCCAGGGTGACTGGGCGGAAGCATACCAGCGCGCTGTTGATATCGTCTCGCAGACGACATTGGCT 
   Y  P  S  P  W  A  N  G  Q  G  D  W  A  E  A  Y  Q  R  A  V  D  I  V  S  Q  T  T  L  A   
268 GAGAAGGTCAATTTGACTACGGGGACTGGgtaaggctcaatggcacaaacgatgtgtatgctcctgctaacgacctccagATGGGAATT 
 E  K  V  N  L  T  T  G  T  G                  W  E  L   
357 GGAATTATGTGTTGGTCAGACTGGAGGTGTTCCCCGgtaagtttgtggagattgtcaaaacagggagcatttactgatatatggtgaca 
  E  L  C  V  G  Q  T  G  G  V  P  R                                                       
446 gATTGGGAATTCCGGGAATGTGTGCACAGGATAGCCCTCTGGGTGTTCGTGACTgtaagcaactcggtgtttttaggctttgatgctct 
   L  G  I  P  G  M  C  A  Q  D  S  P  L  G  V  R  D  S                                    
535 tgctgacacatcgtagCCGACTACAACTCTGCGTTCCCTGCCGGTGTCAACGTGGCCGCAACCTGGGACAAGAATCTGGCGTACCTTCG 
                   D  Y  N  S  A  F  P  A  G  V  N  V  A  A  T  W  D  K  N  L  A  Y  L  R  
624 TGGCCAAGCTATGGGTCAGGAGTTTAGTGACAAGGGTGCTGATATCCAATTGGGTCCAGCTGCCGGCCCTCTCGGTAGAAGTCCCGACG 
  G  Q  A  M  G  Q  E  F  S  D  K  G  A  D  I  Q  L  G  P  A  A  G  P  L  G  R  S  P  D  G 
713 GCGGTCGTAACTGGGAGGGCTTCTCCCCCGACCCGGCCCTCAGTGGTGTGCTCTTTGCAGAGACAATCAAGGGTATTCAGGATGCTGGT 
   G  R  N  W  E  G  F  S  P  D  P  A  L  S  G  V  L  F  A  E  T  I  K  G  I  Q  D  A  G  
802 GTGGTTGCAACGGCTAAGCACTACATCGCCTACGAGCAAGAGCATTTCCGTCAGGCGCCTGAAGCTCAAGGCTACGGATTCAATATTAC 
 V  V  A  T  A  K  H  Y  I  A  Y  E  Q  E  H  F  R  Q  A  P  E  A  Q  G  Y  G  F  N  I  T 
891 CGAGAGTGGAAGCGCGAACCTCGACGATAAGACTACGCATGAGCTGTACCTATGGCCCTTCGCGGATGCCATCCGTGCAGGTGCCGGTG 
  E  S  G  S  A  N  L  D  D  K  T  T  H  E  L  Y  L  W  P  F  A  D  A  I  R  A  G  A  G  A 
980 CTGTGATGTGCTCGTACAACCAGATCAACAACAGCTATGGCTGCCAGAACAGCTACACTCTGAGCAAGCTGCTCAAGGCCGAGCTGGGT 
   V  M  C  S  Y  N  Q  I  N  N  S  Y  G  C  Q  N  S  Y  T  L  S  K  L  L  K  A  E  L  G   
1069 TTCCAGGGCTTTGTCATGAGTGATTGGGCGGCTCACCATGCCGGTGTGAGTGGTGCTTTGGCGGGATTGGACATGTCTATGCCGGGAGA 
 F  Q  G  F  V  M  S  D  W  A  A  H  H  A  G  V  S  G  A  L  A  G  L  D  M  S  M  P  G  D  
1158 CGTCGATTACGACAGTGGCACGTCCTACTGGGGTACCAACTTGACCATTAGTGTGCTCAACGGGACGGTGCCCCAATGGCGTGTTGATG 
  V  D  Y  D  S  G  T  S  Y  W  G  T  N  L  T  I  S  V  L  N  G  T  V  P  Q  W  R  V  D  D 
1247 ACATGGCTGTCCGCATCATGGCCGCCTACTACAAGGTCGGCCGTGACCGTCTGTGGACTCCTCCCAACTTCAGCTCATGGACCAGAGAT 
   M  A  V  R  I  M  A  A  Y  Y  K  V  G  R  D  R  L  W  T  P  P  N  F  S  S  W  T  R  D      
1336 GAATACGGCTTCAAGTACTACTATGTCTCGGAGGGACCGTATGAGAAGGTCAACCAGTTCGTGAACGTGCAACGCAACCATAGCGAGTT 
 E  Y  G  F  K  Y  Y  Y  V  S  E  G  P  Y  E  K  V  N  Q  F  V  N  V  Q  R  N  H  S  E  L     
1425 GATCCGCCGTATTGGAGCAGACAGCACGGTGCTCCTCAAGAACGATGGCGCTCTTCCCTTGACTGGAAAGGAGCGCTTGGTCGCCCTTA 
  I  R  R  I  G  A  D  S  T  V  L  L  K  N  D  G  A  L  P  L  T  G  K  E  R  L  V  A  L  I    
1514 TCGGAGAAGATGCGGGTTCCAATCCTTATGGTGCCAACGGCTGCAGTGACCGTGGGTGCGACAATGGAACATTGGCGATGGGCTGGGGA 
   G  E  D  A  G  S  N  P  Y  G  A  N  G  C  S  D  R  G  C  D  N  G  T  L  A  M  G  W  G 
1603 AGTGGCACTGCCAACTTTCCCTACTTGATGACCCCCGAGCAGGCCATCTCGAACGAGGTGCTGAAGAACAAGAATGGCGTATTCACTGC 
 S  G  T  A  N  F  P  Y  L  M  T  P  E  Q  A  I  S  N  E  V  L  K  N  K  N  G  V  F  T  A 
1692 GACCGATAACTGGGCTATTGATCAGATTGAGGCGCTTGCTAAGACCGCCAGgtaagaagatctcgagcttttttcttcttccttattgt 
  T  D  N  W  A  I  D  Q  I  E  A  L  A  K  T  A  S                                        
1781 gcaattaatgctgacaacatggtagTGTCTCTCTTGTCTTTGTCAACGCCGACTCTGGTGAGGGTTATATCAATGTCGACGGAAACCTG 
                           V  S  L  V  F  V  N  A  D  S  G  E  G  Y  I  N  V  D  G  N  L 
1870 GGTGACCGCAGAAACCTGACCCTGTGGAGGAACGGCGACAATGTGATCAAGGCTGCTGCTAGCAACTGCAACAACACGATCGTTATTAT 
 G  D  R  R  N  L  T  L  W  R  N  G  D  N  V  I  K  A  A  A  S  N  C  N  N  T  I  V  I  I  
1959 TCACTCTGTCGGCCCAGTCTTGGTTAACGAGTGGTACGACAACCCCAATGTTACCGCTATTCTCTGGGGTGGTCTTCCCGGTCAGGAGT 
  H  S  V  G  P  V  L  V  N  E  W  Y  D  N  P  N  V  T  A  I  L  W  G  G  L  P  G  Q  E  S  
2048 CTGGCAACTCCCTCGCCGACGTGCTCTACGGCCGTGTCAACCCCGGTGCCAAGTCGCCCTTCACCTGGGGCAAGACTCGTGAGGCCTAC 
   G  N  S  L  A  D  V  L  Y  G  R  V  N  P  G  A  K  S  P  F  T  W  G  K  T  R  E  A  Y  
2137 CAAGATTACTTGTACACCGAGCCCAACAACGGCAACGGAGCGCCCCAGGAAGACTTCGTCGAGGGCGTCTTCATTGACTACCGCGGATT 
 Q  D  Y  L  Y  T  E  P  N  N  G  N  G  A  P  Q  E  D  F  V  E  G  V  F  I  D  Y  R  G  F  
2226 TGACAAGCGCAACGAGACTCCTATCTATGAGTTCGGCTATGGTCTGAGCTACACCACCTTCAACTACTCGAACCTTCAGGTGGAGGTTC 
  D  K  R  N  E  T  P  I  Y  E  F  G  Y  G  L  S  Y  T  T  F  N  Y  S  N  L  Q  V  E  V  L  
2315 TGAGCGCCCCTGCGTACGAGCCTGCTTCGGGCGAGACTGAGGCAGCGCCGACTTTCGGAGAGGTCGGAAATGCGTCGGATTACCTCTAC 
   S  A  P  A  Y  E  P  A  S  G  E  T  E  A  A  P  T  F  G  E  V  G  N  A  S  D  Y  L  Y  
2404 CCCGATGGACTGCAGAGAATCACCAAGTTCATCTACCCCTGGCTCAACAGTACCGATCTTGAGGCATCTTCTGGGGATGCTAGCTATGG 
 P  D  G  L  Q  R  I  T  K  F  I  Y  P  W  L  N  S  T  D  L  E  A  S  S  G  D  A  S  Y  G  
2493 GCAGGATGCCTCAGATTATCTTCCCGAGGGAGCCACCGATGGCTCTGCGCAACCGATCCTGCCTGCCGGTGGTGGTGCTGGCGGCAACC 
  Q  D  A  S  D  Y  L  P  E  G  A  T  D  G  S  A  Q  P  I  L  P  A  G  G  G  A  G  G  N  P 
2582 CTCGCCTGTACGACGAGCTCATCCGCGTGACGGTGACTATCAAGAACACCGGCAAGGTTGCGGGTGATGAAGTTCCTCAACTGgtaagt 
   R  L  Y  D  E  L  I  R  V  T  V  T  I  K  N  T  G  K  V  A  G  D  E  V  P  Q  L           
2671 agacagcaaattcgaaccaagtcggaccaagctaatgaatcgcagTATGTTTCTCTTGGCGGCCCTAACGAACCCAAGATCGTGCTGCG 
                                              Y  V  S  L  G  G  P  N  E  P  K  I  V  L  R   
2760 TCAATTCGAGCGTATCACGCTGCAGCCGTCGGAAGAGACGCAGTGGAGCACGACTCTGACGCGCCGTGACCTTGCGAACTGGAATGTTG 
  Q  F  E  R  I  T  L  Q  P  S  E  E  T  Q  W  S  T  T  L  T  R  R  D  L  A  N  W  N  V  E   
2849 AGACGCAGGACTGGGAGATTACGTCGTATCCCAAGATGGTGTTTGTCGGAAGCTCCTCGCGGAAGCTGCCGCTCCGGGCGTCTCTGCCT 
   T  Q  D  W  E  I  T  S  Y  P  K  M  V  F  V  G  S  S  S  R  K  L  P  L  R  A  S  L  P   
2938 ACTGTTCACTAA 
 T  V  H  * 
 

 

Fig-3.33: Complete nucleotide and deduced amino acid sequence of the bgl from A. niger NIBGE (P).  The 
 nucleotide sequences are given in 5΄ to 3΄ direction. Lower case, underlined nucleotides 
 represent introns.  
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1 ATGAGGTTCACTTTGATCGAGGCGGTGGCTCTGACTGCCGTCTCGCTGGCCAGCGCTgtacgtgccgtcacttcctttgtcgtgtgaat 
 M  R  F  T  L  I  E  A  V  A  L  T  A  V  S  L  A  S  A                                   
90 tgcaattgcgctcgattggattcacttctttgtttcgtcatcactaacaattgtctattcaaagGATGAATTGGCCTACTCCCCGCCGT 
                    D  E  L  A  Y  S  P  P  Y 
179 ATTACCCCTCCCCTTGGGCCAATGGCCAGGGTGACTGGGCGGAAGCATACCAGCGCGCTGTTGATATCGTCTCGCAGATGACATTGGCT 
   Y  P  S  P  W  A  N  G  Q  G  D  W  A  E  A  Y  Q  R  A  V  D  I  V  S  Q  M  T  L  A   
268 GAGAAGGTCAATTTGACTACGGGGACTGGgtaaggctcaatggcacaaacgatgtgtatgctcctgctaacgacctccagATGGGAATT 
 E  K  V  N  L  T  T  G  T  G                  W  E  L   
357 GGAATTATGTGTTGGTCAGACTGGAGGTGTTCCCCGgtaagtttgtggagattgtcaaaacagggagcatttactgatatatggtgaca 
  E  L  C  V  G  Q  T  G  G  V  P  R                                                       
446 gATTGGGAATTCCGGGAATGTGTGCACAGGATAGCCCTCTGGGTGTTCGTGACTgtaagcaactcggtgtttttaggctttgatgctct 
   L  G  I  P  G  M  C  A  Q  D  S  P  L  G  V  R  D  S                                    
535 tgctgacacatcgtagCCGACTACAACTCTGCGTTCCCTGCCGGTGTCAACGTGGCCGCAACCTGGGACAAGAATCTGGCGTACCTTCG 
                   D  Y  N  S  A  F  P  A  G  V  N  V  A  A  T  W  D  K  N  L  A  Y  L  R  
624 TGGCCAAGCTATGGGTCAGGAGTTTAGTGACAAGGGTGCTGATATCCAATTGGGTCCAGCTGCCGGCCCTCTCGGTAGAAGTCCCGACG 
  G  Q  A  M  G  Q  E  F  S  D  K  G  A  D  I  Q  L  G  P  A  A  G  P  L  G  R  S  P  D  G 
713 GCGGTCGTAACTGGGAGGGCTTCTCCCCCGACCCGGCCCTCAGTGGTGTGCTCTTTGCAGAGACAATCAAGGGTATTCAGGATGCTGGT 
   G  R  N  W  E  G  F  S  P  D  P  A  L  S  G  V  L  F  A  E  T  I  K  G  I  Q  D  A  G  
802 GTGGTTGCAACGGCTAAGCACTACATCGCCTACGAGCAAGAGCATTTCCGTCAGGCGCCTGAAGCTCAAGGCTACGGATTCAACATTAC 
 V  V  A  T  A  K  H  Y  I  A  Y  E  Q  E  H  F  R  Q  A  P  E  A  Q  G  Y  G  F  N  I  T 
891 CGAGAGTGGAAGCGCGAACCTCGACGATAAGACTATGCATGAGCTGTACCTATGGCCCTTCGCGGATGCCATCCGTGCAGGTGCCGGTG 
  E  S  G  S  A  N  L  D  D  K  T  M  H  E  L  Y  L  W  P  F  A  D  A  I  R  A  G  A  G  A 
980 CTGTGATGTGCTCGTACAACCAGATCAACAACAGCTATGGCTGCCAGAGCAGCTACACTCTGAACAAGCTGCTCAAGGCCGAGCTGGGT 
   V  M  C  S  Y  N  Q  I  N  N  S  Y  G  C  Q  S  S  Y  T  L  N  K  L  L  K  A  E  L  G   
1069 TTCCAGGGCTTTGTCATGAGTGATTGGGCGGCTCACCATGCCGGTGTGAGTGGTGCTTTGGCGGGATTGGACATGTCTATGCCGGGAGA 
 F  Q  G  F  V  M  S  D  W  A  A  H  H  A  G  V  S  G  A  L  A  G  L  D  M  S  M  P  G  D  
1158 CGTCGATTACGACAGTGGCACGTCCTACTGGGGTACCAACTTGACCATTAGTGTGCTCAACGGGACGGTGCCCCAATGGCGTGTTGATG 
  V  D  Y  D  S  G  T  S  Y  W  G  T  N  L  T  I  S  V  L  N  G  T  V  P  Q  W  R  V  D  D 
1247 ACATGGCTGTCCGCATCATGGCCGCCTACTACAAGGTCGGCCGTGACCGTCTGTGGACTCCTCCCAACTTCAGCTCATGGACCAGAGAT 
   M  A  V  R  I  M  A  A  Y  Y  K  V  G  R  D  R  L  W  T  P  P  N  F  S  S  W  T  R  D      
1336 GAATACGGCTTCAAGTACTACTATGTCTCGGAGGGACCGTATGAGAAGGTCAACCAGTTCGTGAACGTGCAACGCAACCATAGCGAGTT 
 E  Y  G  F  K  Y  Y  Y  V  S  E  G  P  Y  E  K  V  N  Q  F  V  N  V  Q  R  N  H  S  E  L     
1425 GATCCGCCGTATTGGAGCAGACAGCACGGTGCTCCTCAAGAACGATGGCGCTCTTCCCTTGACTGGAAAGGAGCGCTTGGTCGCCCTTA 
  I  R  R  I  G  A  D  S  T  V  L  L  K  N  D  G  A  L  P  L  T  G  K  E  R  L  V  A  L  I    
1514 TCGGAGAAGATGCGGGTTCCAATCCTTATGGTGCCAACGGCTGCAGTGACCGTGGGTGCGACAATGGAACATTGGCGATGGGCTGGGGA 
   G  E  D  A  G  S  N  P  Y  G  A  N  G  C  S  D  R  G  C  D  N  G  T  L  A  M  G  W  G 
1603 AGTGGCACTGCCAACTTTCCCTACTTGGTGACCCCCGAGCAGGCCATCTCGAACGAGGTGCTGAAGAACAAGAATGGCGTATTCACTGC 
 S  G  T  A  N  F  P  Y  L  V  T  P  E  Q  A  I  S  N  E  V  L  K  N  K  N  G  V  F  T  A 
1692 GACCGATAACTGGGCTATTGATCAGATTGAGGCGCTTGCTAAGACCGCCAGgtaagaagatctcgagcttttttcttcttccttattgt 
  T  D  N  W  A  I  D  Q  I  E  A  L  A  K  T  A  S                                        
1781 gcaattaatgctgacaacatggtagTGTCTCTCTTGTCTTTGTCAACGCCGACTCTGGTGAGGGTTATATCGATGTCGACGGAAACCTG 
                           V  S  L  V  F  V  N  A  D  S  G  E  G  Y  I  D  V  D  G  N  L 
1870 GGTGACCGCAGAAACCTGACCCTGTGGAGGAACGGCGACAATGTGATCAAGGCTGCTGCTAGCAACTGCAACAACACGATCGTTATTAT 
 G  D  R  R  N  L  T  L  W  R  N  G  D  N  V  I  K  A  A  A  S  N  C  N  N  T  I  V  I  I  
1959 TCACTCTGTCGGCCCAGTCTTGGTTAACGAGTGGTACGACAACCCCAATGTTACCGCTATTCTCTGGGGTGGTCTTCCCGGTCAGGAGT 
  H  S  V  G  P  V  L  V  N  E  W  Y  D  N  P  N  V  T  A  I  L  W  G  G  L  P  G  Q  E  S  
2048 CTGGCAACTCCCTCGCCGACGTGCTCTACGGCCGTGTCAACCCCGGTGCCAAGTCGCCCTTCACCTGGGGCAAGACTCGTGAGGCCTAC 
   G  N  S  L  A  D  V  L  Y  G  R  V  N  P  G  A  K  S  P  F  T  W  G  K  T  R  E  A  Y  
2137 CAAGATTACTTGTACACCGAGCCCAACAACGGCAACGGAGCGCCCCAGGAAGACTTCGTCGAGGGCGTCTTCATTGACTACCGCGGATT 
 Q  D  Y  L  Y  T  E  P  N  N  G  N  G  A  P  Q  E  D  F  V  E  G  V  F  I  D  Y  R  G  F  
2226 TAACAAGCGCAACGAGACTCCTATCTATGAGTTCGGCTATGGTCTGAGCTACACCACCTTCAACTACTCGAACCTTCAGGTGGAGGTTC 
  N  K  R  N  E  T  P  I  Y  E  F  G  Y  G  L  S  Y  T  T  F  N  Y  S  N  L  Q  V  E  V  L  
2315 TGAGCGCCCCTGCGTACGAGCCTGCTTCGGGCGAGACTGAGGCAGCGCCGACTTTCGGAGAGGTCGGAAATGCGTCGGATTACCTCTAC 
   S  A  P  A  Y  E  P  A  S  G  E  T  E  A  A  P  T  F  G  E  V  G  N  A  S  D  Y  L  Y  
2404 CCCGATGGACTGCAGAGAATCACCAAGTTCATCTACCCCTGGCTCAACAGTACCGATCTTGAGGCATCTTCTGGGGATGCTAGCTATGG 
 P  D  G  L  Q  R  I  T  K  F  I  Y  P  W  L  N  S  T  D  L  E  A  S  S  G  D  A  S  Y  G  
2493 GCAGGATGCCTCAGATTATCTTCCCGAGGGAGCCACCGATGGCTCTGCGCAACCGATCCTGCCTGCCGGTGGTGGTGCTGGCGGCAACC 
  Q  D  A  S  D  Y  L  P  E  G  A  T  D  G  S  A  Q  P  I  L  P  A  G  G  G  A  G  G  N  P 
2582 CTCGCCTGTACGACGAGCTCATCCGCGTGACGGTGACTATCAAGAACACCGGCAAGGTTGCGGGTGATGAAGTTCCTCAACTGgtaagt 
   R  L  Y  D  E  L  I  R  V  T  V  T  I  K  N  T  G  K  V  A  G  D  E  V  P  Q  L           
2671 agacagcaaattcgaaccaagtcggaccaagctaatgaatcgcagTATGTTTCTCTTGGCGGCCCTAACGAACCCAAGATCGTGCTGCG 
                                              Y  V  S  L  G  G  P  N  E  P  K  I  V  L  R   
2760 TCAATTCGAGCGTATCACGCTGCAGCCGTCGGAAGAGACGCAGTGGAGCACGACTCTGACGCGCCGTGACCTTGCGAACTGGAATGTTG 
  Q  F  E  R  I  T  L  Q  P  S  E  E  T  Q  W  S  T  T  L  T  R  R  D  L  A  N  W  N  V  E   
2849 AGACGCAGGACTGGGAGATTACGTCGTATCCCAAGATGGTGTTTGTCGGAAGCTCCTCGCGGAAGCTGCCGCTCCGGGCGTCTCTGCCT 
   T  Q  D  W  E  I  T  S  Y  P  K  M  V  F  V  G  S  S  S  R  K  L  P  L  R  A  S  L  P   
2938 ACTGTTCACTAA 
 T  V  H  * 
 

Fig-3.34: Complete nucleotide and deduced amino acid sequence of the bgl from A. niger NIBGE-06 (M-6). 
 The nucleotide sequences are given in 5΄ to 3΄ direction. Lower case, underlined nucleotides 
 represent introns.  
 
 The γ-rays induced eight point mutations within the bgl gene of mutant strain as 

compared to parental strain (Table-3.9). Out of these eight mutations, two were true 

substitutions, two were semi-conserved and three were conserved substitutions, while one 

was silent mutation. 
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Both semi conserved mutations (N259S and S264N) were found very close to the 

enzyme active site (Fig-3.35) sequence, determined by InterProScan analysis. Out of eight 

transitions within the exons, A/T to G/C transitions were predominant (37.5%), while no 

transition within introns/any transversion/tandem double base substitution or base 

insertions/deletions was found. 

 The blastn and blastp analysis indicated that the bgl gene from both strains were 99% 

identical in nucleotide and amino acid sequences, while vary considerably from bgl genes 

reported in other Aspergillus niger strains, as well as, within Aspergillus genus (Table-3.10). 

  
Fig-3.35: Comparison of amino acid sequences of the parent and mutant A. niger BGLs. The symbols used 
 stands for: "*" residues or  nucleotides that are identical in all sequences in the alignment of that 
 column; ":" conserved substitutions; "." semi-conserved substitutions, "gap" different 
 residues in the aligned sequences, (—) signal peptide and (– – –) active site. 
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Table-3.9: Comparative sequence analysis of bgl genes and BGL enzyme from 
Aspergillus niger (P) and mutant (M-6). 

 

Nucleotide 
position 
within the 
Gene 
(Taking A 
of Start 
Codon 
(ATG) as 1) 

Nucleotide 
in Parental 
bgl gene 
(GenBank 
Accession 
No. 
FJ794717) 

Nucleotide 
in 
Mutated 
bgl gene 
(GenBank 
Accession 
No. 
EF409417)

Mutation 
type 
(Transition 
within 
exons) 
 

* Mutations 
within BGL 
of mutant 
M-6 

Substitution 
type 

257 C T C/G to T/A T54M ----- 

885 T C T/A to C/G N211N No Substitution 

926 C T C/G to T/A T225M ----- 

1028 A G A/T to G/C N259S Semi-conserved 

1043 G A G/C to A/T S264N Semi-conserved 

1630 A G A/T to G/C M460V Conserved 

1852 A G A/T to G/C N513D Conserved 

2227 G A G/C to A/T D638N Conserved 

* where: T stands for Threonine, M for Methionine, N for Asparagine, S for Serine, V for Valine and D for Aspartic 
acid.   
 

 

Table-3.10: Nucleotide and amino acid identity of Aspergillus niger NIBGE β-
glucosidase with BGLs from other Aspergillus strains. 

 

Fungal strains 
Nucleotide sequence 

identity (%) 
Amino acid sequence 

identity (%) 

Mutant A. niger (M-6) 99 99 

Aspergillus niger 91-98 96-99 

Aspergillus kawachii 91 96 

Aspergillus flavus 76 77 
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3.7. Prediction and analysis of β-glucosidase structure from A. niger 

 Three dimensional structure prediction of BGL enzyme from both strains was carried 

out using I-TASSER Server, which used the recently predicted structure of β-glucosidase 

from Thermotoga neopolitana, belonging to family 3, as a template for structure analysis 

(28% identical to A. niger BGL). Predicted structures of the parent and mutant BGLs were 

overlapped (Fig-3.36), which showed considerable variation in overall structure. The 

nucleophilic catalytic residue Asp-261 (D261, numbering without signal peptide), within the 

VMSDW sequence of A. niger BGL (Fig-3.37) was conserved within the enzymes of family 

3, however, it was impossible to locate the acid/base catalytic residue based on sequence 

homology due to low sequence conservation for this residue. 

 According to the structural classification of protein (SCOP), the sequence 

encompasses two domains. The first domain comprising amino acids 38–348 belongs to the 

superfamily ‘Transglycosidases’ and has an (β/α)8 TIM barrel fold, while the second C-

terminal domain (aa 401–657) belongs to the superfamily ‘β D-glucan exohydrolases’ and 

has an (α/β)6 fold. These domains are the characteristic features of family 3 β-glucosidases. 

 
Fig-3.36: Overlapped predicted structures of the parent BGL (yellow) and mutant M-6 BGL (green). 
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Fig-3.37: Multiple sequence alignment of family 3 β-glucosidases (E.C. 3.2.1.21) using ClustalW2. Only 

partial sequences are shown and proposed/experimentally determined catalytic residues 
[Nucleophile Aspartic acid (D) and acid/base Glutamic acid (E)] are indicated by asterisks. Amino 
acids in bold and underlined have been determined experimentally as catalytic residues. The β-
glucosidase amino acid sequences shown are: A. niger NIBGE Parent (GenBank accession # 
FJ794717); A. niger NIBGE Mutant-06 (GenBank accession # EF409417); Thermoascus 
aurantiacus (GenBank accession # DQ114396); Talaromyces emersonii (GenBank accession # 
AY072918); Thermotoga neapolitana (GenBank accession # DQ873691); Kluyveromyces 
marxianus (GenBank accession # FJ811961) and Flavobacterium meningosepticum (GenBank 
accession # AF015915).  

 
 
3.8. Heterologous expression of β-glucosidase gene in Pichia pastoris 

 The β-glucosidase gene of A. niger NIBGE-06 was expressed extra-cellularly in P. 

pastoris GS115 using the pPIC9K vector. Since both the insert and vector contains the 

secretion signals for extracelluar expression, a new set of primers (β-glu-W-F containing a 

SnaBI site and β-glu-R containing a NotI site) was designed for PCR mediated amplification 

of partial bgl (pbgl; without native signal peptide and intron-1) from the construct pBGL-M 

(carrying the entire β-glucosidase gene of Aspergillus niger NIBGE-06 at EcoRV site). The 
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expected PCR product of 2,810 bp (Fig-3.38A) was excised from the gel, eluted through 

DNA extraction kit (Fig-3.38B) and cloned in pTZ57R/T vector as described earlier in 

materials and methods section. The plasmid DNA from few white colonies was isolated (Fig-

3.38C). The new recombinant plasmid construct (designated as pBGL-M2810, Fig-3.38D) 

was confirmed through restriction analysis by SnaBI/NotI (Fig-3.39A), which produced two 

fragments of 2,810 bp (insert) and 2,886 bp (vector). The new recombinant plasmid was also 

used as a template for the confirmation of pbgl gene cloning, through PCR amplification 

using pbgl specific primers (Fig-3.39B).  

 

 
 

 
Fig-3.38:  Different steps in the cloning of pbgl gene.  
 A: PCR amplification of partial bgl gene (2,810 bp) from construct pBGL-M (M: 1 kb 
 DNA ladder, N: Negative control, 1-3: pBGL-M PCR products). 
 B: Elution of PCR product from agarose gel (M: 1 kb DNA ladder, 1-2: Eluted pbgl PCR product 
 of 2,810 bp). 
 C: Plasmid DNA isolation from transformed E. coli cells (M: 1 kb  DNA ladder, 1-8: Plasmid 
 DNA isolated from bacterial colonies 1-8). 
 D: Schematic drawing of the construct pBGL-M2810 (LacZ α-peptide for blue/white 
 screening of recombinant clones, f1 origin of replication, PT7 promoter). 
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Fig-3.39:  Confirmation of the construct (pBGL-M2810) through restriction analysis and PCR. 
 A: Restriction analysis of pBGL-M2810 construct (M: 1 kb DNA ladder, 1-2: pBGL-M2810 
 digested with SnaBІ/NotI, 3: pTZ57R/T vector digested with SnaBІ/NotI). 
 B: PCR amplification of pbgl gene from construct, pBGL-M2810 (M: 1 kb  DNA ladder, N: 
 Negative control, 1: pBGL-M2810 PCR product). 
  
 
  

In order to clone the pbgl (2,810 bp) in-frame with the α-factor secretion signal of 

pPIC9K yeast expression vector under AOX1 promoter at SnaBI/NotI cloning sites, the 

construct pBGL-M2810 and expression vector pPIC9K were digested with SnaBI and NotI 

restriction enzymes (Fig-3.40A). The 2,810 bp linearized fragment from pBGL-M2810 and 

9,276 bp linearized backbone of pPIC9K were eluted from the agarose gel (Fig-3.40B), 

fragments were ligated and transformed in chemically competent E. coli TOP10F´ cells as 

described earlier. The plasmid DNA from few white colonies was isolated (Fig-3.40C). The 

resulting plasmid construct (designated as pPIC9K-BGL, Fig-3.40D) was confirmed through 

restriction analysis by SnaBI/NotI (Fig-3.41A), which produced two fragments of 2,810 bp 

(insert) and 9,276 bp (vector). The recombinant plasmid was also used as a template for the 

confirmation of pbgl gene cloning, through PCR amplification using pbgl specific β-glu-W-F 

and β-glu-R primers (Fig-3.41B) as well as alpha factor-F and gene specific-R primers (Fig-

3.41C). The construct pPIC9K-BGL was also sequenced by utilizing the commercial services 

of Macrogen (Korea). Sequencing also confirmed the in-frame cloning of pbgl gene with the 

α-factor secretion signal of pPIC9K vector. 
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Fig-3.40:  Different steps in the construction of BGL expression vector.  
 A: Restriction of pBGL-M2810 and pPIC9K (M: 1 kb DNA ladder, 1-2: pBGL-M2810 
 digested with SnaBІ/NotI, 3: pPIC9K vector digested with SnaBІ/NotI). 
 B: Elution of SnaBІ/NotI restriction products from agarose gel (M: 1 kb DNA ladder, 1-2: Eluted 
 insert of 2,810 bp from pBGL-M2810, 3: Eluted pPIC9K vector backbone of 9,276 bp). 
 C: Plasmid DNA isolation from transformed E. coli cells (M: 1 kb  DNA ladder, 1-4: Plasmid 
 DNA isolated from bacterial colonies 1-4). 
 D: Schematic drawing of the construct pPIC9K-BGL (PAOX1 promoter, S is α-MF signal peptide, 
 TT is native transcription termination and polyadenylation signal from AOX1 gene, HIS4 is wild-
 type gene coding for histidinol dehydrogenase, kan is kanamycin resistance gene which confers 
 resistance to geneticin in Pichia and 3´ AOX1 is sequences from the AOX1 gene that are further 3΄ 
 to the TT sequences). 
 
 

 The expression vector (cassette) pPIC9K-BGL and parent/control vector pPIC9K 

were linearized with restriction enzyme DraI to generate gene replacement at AOX1 locus 

(generating His+ MutS phenotype) in electro-competent cells of P. pastoris. The restriction 

enzyme DraI has six restriction sites within the backbone of vector pPIC9K, therefore the 

restriction of pPIC9K-BGL and pPIC9K with this enzyme resulted in six fragments of sizes 

9,109 (vector + insert) or 6,299 (vector); 1,191; 933; 692; 142 and 19 bp, respectively (Fig-

3.42). The last two fragments were not visible along with other fragments on 1% agarose gel. 



Chapter 03                                                                      Results 
 

 98

 
 

 
 
Fig-3.41:  Confirmation of the construct pPIC9K-BGL through restriction analysis and PCR. 
 A: Restriction analysis of pPIC9K-BGL (M: 1 kb DNA ladder, 1-2: pPIC9K digested with 
 SnaBІ/NotI, 3-6: pPIC9K-BGL vector digested with SnaBІ/NotI). 
 B: PCR amplification of pbgl gene from construct pPIC9K-BGL using gene specific β-glu-W- F 
 and β-glu-R primers (M: 1 kb  DNA ladder, N: Negative control using pPIC9K as template, P: 
 Positive control using pBGL-M2810 as template, 1-4: pPIC9K-BGL PCR products). 
 C: PCR amplification of pbgl gene from construct pPIC9K-BGL using alpha factor-F and gene 
 specific-R primers (M: 1 kb DNA ladder, N: Negative control, C: Control using pPIC9K as 
 template, 1: pPIC9K-BGL PCR product). 
 
 
 It is also not necessary to purify the fragment containing insert, from the rest of the 

plasmid backbone fragments. Therefore, the digest were extracted by phenol-chloroform and 

transformed through electroporation in P. pastoris GS115. Recombinant P. pastoris cells (for 

pPIC9K-BGL and pPIC9K) were selected over minimal dextrose (MD) medium plates 

containing 0.5 mg ml-1 geneticin for the production of histidine (His+) and geneticin 

resistance. It took 4-5 days until well grown colonies appeared. Methanol induced expression 

of the recombinant β-glucosidase enzyme (rBGL) in recombinant (pPIC9K-BGL) and in 

control (pPIC9K) P. pastoris cells were analyzed by streaking well grown colonies of His+ P. 

pastoris transformants (recombinants for pPIC9K-BGL and pPIC9K) on BMM medium 
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plates containing esculin and ferric ammonium citrate as a substrate for activity staining of 

rBGL. The black zone of activity around P. pastoris recombinant cells as compared to control 

vector transformants, indicated the heterologous protein expression (Fig-3.43). 

 

 
Fig-3.42:  Restriction analysis of constructs pPIC9K and pPIC9K-BGL with DraI (M: 1 kb DNA ladder, 1: 
 pPIC9K digested with DraI, 2: pPIC9K-BGL digested with DraI). 
 
 
 
 
 
 

 

Fig-3.43:  Plate assay for the expression of β-glucosidase in recombinant Pichia pastoris after 96 h (Control: 
 Recombinant P. pastoris carrying control vector pPIC9K, Transgenic: Recombinant P. pastoris 
 carrying expression vector pPIC9K-BGL). 
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 The recombinant His+ P. pastoris colonies were also screened for geneticin resistance 

by streaking them on YPD medium plates containing increased concentrations of geneticin. 

All the screened colonies could only grow on 0.75 mg ml-1 of geneticin. Since single copy of 

pPIC9K integrated into the Pichia genome confers resistance to geneticin to an amount of 

0.25 mg ml-1, therefore, indicating single copy integration of bgl within the Pichia genome 

(Fig-3.44). 

 

 
Fig-3.44:  Screening of His+ recombinant P. pastoris for geneticin resistance on YPD medium plates 
 containing variable geneticin concentration. 
 A: Growth of His+ recombinant P. pastoris colonies on YPD medium plate containing 0.75 mg 
 ml-1 geneticin (1-10: Recombinant P. pastoris colonies carrying expression vector pPIC9K-BGL, 
 C: Recombinant P. pastoris colonies carrying control vector pPIC9K). 
 B: Growth of His+ recombinant P. pastoris colonies on YPD medium plate containing 1.00 mg 
 ml-1 geneticin (1-10: Recombinant P. pastoris colonies carrying expression vector pPIC9K-BGL, 
 C: Recombinant P. pastoris colonies carrying control vector pPIC9K). 
. 
  

 The integration of the pbgl and control vector pPIC9K within the Pichia genome was 

also confirmed though colony PCR (Fig-3.45A) and genomic PCR (Fig-3.45B and 3.45C). 

The PCR mediated amplification of expected 1,234 bp fragment using alpha factor-F and 

Gene specific-R primers (while no amplification from the un-transformed and parent vector 

transformed colonies or genome) authenticated our results. Similarly, the PCR mediated 

amplification of expected 195 bp fragment using alpha factor-F and 3΄ AOX-R primers 

confirmed parent vector integration (Fig-3.45D) within Pichia genome. While no 

amplification from the un-transformed cells authenticated the results. 
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Fig-3.45:  Confirmation of the pbgl and pPIC9K integration within Pichia genome through colony PCR and 
 genomic PCR. 
 A: Colony PCR for the confirmation of pbgl integration within Pichia genome using alpha factor-
 F and gene specific-R primers (M: 1 kb  DNA ladder, 1-2: pPIC9K-BGL transformed colonies, U: 
 Un-transformed colony of Pichia as control, C: pPIC9K transformed colony as control, P: 
 Positive control using pPIC9K- BGL as template, N: Negative control).  
 B: Isolation of genomic DNA from Pichia pastoris by CTAB method (M: 1 kb DNA ladder, U: 
 Genome of un-transformed P. pastoris electrocompetent cells as control, C: Genome of pPIC9K 
 transformed cells as control, 1-6: Genome of pPIC9K-BGL transformed cells). 
 C: Genomic PCR for the confirmation of pbgl integration within Pichia genome using alpha 
 factor-F and gene specific-R primers (M: 1 kb DNA ladder, N: Negative control, P: Positive 
 control using pPIC9K-BGL as template, U: Un-transformed Pichia genome as template, C: 
 pPIC9K transformed genome as template, 1-6:  pPIC9K-BGL transformed genome as template). 
 D: Genomic PCR for the confirmation of pPIC9K integration within Pichia genome using alpha 
 factor-F and 3΄ AOX-R primers (M: Fermentas 100 bp DNA ladder cat # SM0243, N: Negative 
 control, P: Positive control using pPIC9K as template, U: Un-transformed Pichia genome as 
 template, 1-4: pPIC9K transformed genome as template). 
 

 Dot blot and Southern hybridization were also performed for the confirmation of 

integration events and gene copy number. Dot blot also authenticated the integration event of 

bgl within Pichia genome (Fig-3.46). For biotin labeled probe preparation, the construct 

pPIC9K-BGL was digested with PstI, which has multiple restriction sites within the vector 

and insert. The 859 bp fragment representing internal pbgl fragment was further processed for 

probe preparation after elution from agarose gel (Fig-3.47A). The genomes of control and 

recombinant P. pastoris were digested with SacI (Fig-3.47B) and processed for Southern 
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analysis as described earlier in material and methods section. Southern analysis indicated 

single copy integration within the genome (Fig-3.47C) as a result of gene replacement 

(omega insertion) event from a double crossover between the AOX1 promoter and 3´ AOX1 

regions of the vector and genome (Fig-3.48). This insertion event resulted in the complete 

removal of the AOX1 coding region or gene replacement, generating His+ MutS phenotype of 

Pichia. 

 

 
Fig-3.46:  Dot blot analysis of putative recombinant P. pastoris (P: pPIC9K-BGL as positive control, U:  Un-
 transformed Pichia genome, C: pPIC9K transformed genome, 1-6: pPIC9K-BGL transformed 
 genome). 
 
 

3.9. Methanol induced expression of the recombinant β-glucosidase 

 One of the representative recombinant P. pastoris (giving largest black zone on plate 

assay) and control colonies were cultured in MGY or BMGY medium and expression was 

induced with 0.5% (v/v) methanol in MM or BMMY medium. One ml sample from each 

culture was taken after every 24 h and analyzed for total proteins and rBGL. The samples 

were also analyzed on SDS-PAGE (Fig-3.49). The total protein profile of the recombinant P. 

pastoris showed an extra band of 120 kDa protein providing an evidence for the expression 

of bgl gene. Recombinant P. pastoris showed higher rBGL activity (23,000 U l-1 with 

specific activity of 44 U mg-1 protein) in BMMY medium after 84-96 h (Fig-3.50) than MM 

medium (very low activity) and maintained after that for 144 h of induction. 
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Fig-3.47:  Southern analysis of putative recombinant P. pastoris. 
 A: Restriction of construct pPIC9K-BGL with PstI and elution of 859 bp fragment from agarose 
 gel for biotin labeled probe preparation (M: 1 kb DNA ladder, 1: pPIC9K-BGL digested with PstI, 
 2: Elution of the 859 bp fragment). 
 B: Restriction of the control and putative recombinant Pichia genomes with SacI (M: 1 kb DNA 
 ladder, P: Positive control using pPIC9K-BGL, U: Un-transformed Pichia genome, C: Putative 
 pPIC9K transformed genome, 1-3: Putative pPIC9K-BGL transformed genome). 
 C: Southern blot of putative recombinant P. pastoris (P: pPIC9K-BGL as positive control, U:  Un-
 transformed Pichia genome, C: Putative pPIC9K transformed genome, 1-3: Putative pPIC9K-
 BGL transformed genome). 

 
Fig-3.48: Schematic drawing of the construct pPIC9K-BGL integration at AOX1 locus within Pichia 
 genome. 
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Fig-3.49:  10% SDS-PAGE for time course production of rBGL into the induction medium (M: Fermentas 

protein marker, cat # SM0661, 1: Control 24 h sample, 2: Recombinant P. pastoris 24 h sample, 3: 
Control 48 h sample, 4: Recombinant P. pastoris 48 h sample, 5: Control 72 h sample, 6: 
Recombinant P. pastoris 72 h sample, 7: Control 96 h sample, 8: Recombinant P. pastoris 96 h 
sample). 

  
 

After optimization, the recombinant P. pastoris was cultured in BMGY and induced 

in BMMY as described previously. Expression was induced for 96 h at 28±1 °C under 

shaking and the cell-free extract obtained after centrifugation at 6,000 rpm (~3,000×g), 4 °C 

for 10 min was used as the “crude extract”.  Cell free media were dialyzed against distilled 

water for 24 h and concentrated by lyophilization. The rBGL was purified to homogeneity 

level by gel filtration 12 HR (Superose™) 10/30 chromatography column (1.0×30 cm) of 

FPLC system (Fig-3.51), resulting in improved specific activity (735 U mg-1 protein) with 

16.7 fold purification and 31.23 % yield, respectively (Table-3.11).  

 

3.10.    Purification of β-glucosidases from A. niger strains 

The extracellular crude BGLs from parent and mutant A. niger, grown on wheat bran 

(22 and 47 U mg-1 protein, respectively) under submerged growth conditions were purified to 

homogeneity level by ammonium sulfate precipitation, HiLoad™ anion exchange, Mono-Q™ 

anion exchange and gel filtration chromatography on Pharmacia FPLC unit. The onset of 

BGL precipitation from parent and mutant A. niger due to ammonium sulfate was occurred at 

30 and 20%, respectively, while complete precipitation was observed at 75% saturation of 

ammonium sulfate at 0 °C (Fig-3.52). 
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Fig-3.50:  Time course production of rBGL in the BMMY induction medium: rBGL (●) and total proteins 
(▲). Delta rBGL activity was calculated by subtracting the activity of control P. pastoris from that 
of recombinant P. pastoris. Data presented are average values  SD of n = 3 experiments. 

 

 
 
Fig-3.51: 10% SDS-DR-PAGE for subunit molecular mass determination of rBGL (M: Fermentas protein 
 marker, cat # SM0661, 1: Zymograph of rBGL, 2: Purified rBGL from recombinant P. pastoris). 
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Fig-3.52: Ammonium sulphate precipitation of BGLs from A. niger parent and mutant: Parent BGL (○) and 
Mutant M-6 BGL (●). Data presented are average values  SD of n = 3 experiments. 

 

 

 

In the second step, partially purified BGLs from parent and mutant A. niger were 

applied to HiLoad™ Q-sepharose column on FPLC (Fig-3.53). The parent BGL was purified 

upto 10.96 fold while the mutant BGL upto 10.02 fold (Table-3.11). Both parent and mutant 

BGLs were eluted maximally at 640 mM NaCl. Partially purified BGLs from HiLoad™ 

column were then loaded on Mono-Q™ sepharose column (Fig-3.54). The parent BGL was 

eluted maximally at 417 mM NaCl, while mutant BGL was eluted at 517 mM NaCl. Finally, 

the partially purified BGLs were loaded on gel filtration 12 HR (Superose™) chromatography 

column, to get purification to homogeneity level (Fig-3.55 and 3.56). The four step 

purification procedure of parent and mutant BGLs resulted in 25.03 and 19.96 fold 

purification with 27.24% and 36.64% yield, respectively (Table-3.11). 
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Table-3.11: Purification of β-glucosidases from parent (P), mutant (M-6) derivative of 

A. niger and recombinant P. pastoris. 
 

S
tr

ai
n

 

Treatment 
Activity 

(U) 
 

Total 
protein 

(mg) 

Specific 
activity 
(U mg-1) 

Purifi- 
cation 
fold 

Yield 
% 

P
ar

en
t 

(P
) 

Crude 3,120 137.8 22.64 1.00 100 

(NH4)2SO4 precipitation 2,671 46.1 57.94 2.56 85.61 

HiLoad™ chromatography 1,290 5.2 248.08 10.96 41.35 

Mono-Q™ chromatography 950 2.6 365.38 16.14 30.45 

Gel filtration chromatography 850 1.5 566.67 25.03 27.24 

M
u

ta
n

t 
(M

-6
) 

Crude 4,422 92.6 47.75 1.00 100 

(NH4)2SO4 precipitation 3,630 22.3 162.78 3.41 82.09 

HiLoad™ chromatography 1,866 3.9 478.46 10.02 42.20 

Mono-Q™ chromatography 1,740 2.3 756.52 15.84 39.35 

Gel filtration chromatography 1,620 1.7 952.94 19.96 36.64 

P
. p

as
to

ri
s Crude 2300 52.3 43.98 1.00 100 

Gel filtration chromatography 718 0.97 734.90 16.71 31.23 

All quoted values were taken after dialysis against distilled water. 

 

Fig-3.53: FPLC HiLoad™ anion exchange chromatography of A. niger BGLs: Parent (P) and Mutant (M-6). 
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Fig-3.54: FPLC Mono-Q™ anion exchange chromatography of A. niger BGLs: Parent (P) and Mutant (M-6).  

 

 

 

 

 

Fig-3.55: FPLC gel filtration chromatography of BGLs from A. niger and recombinant P. pastoris: Parent A. 
 niger (P) BGL, Mutant A. niger (M-6) BGL and recombinant P. pastoris (Pi) BGL. 
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Fig-3.56: 10% SDS-PAGE for subunit molecular mass determination of A. niger BGLs (M: Fermentas 
 protein marker, cat # SM0661, P: BGL from parent A. niger, M-6: BGL from mutant A. niger).  

 

3.11. Molecular mass  

 The subunit molecular mass and native mass of the purified BGLs from A. niger 

parent and mutant M-6 were same i.e. 130 kDa and 252 kDa, respectively (Fig-3.55 and 

3.56). Hence, it was confirmed that both BGLs i.e. from parent and mutant strains were 

dimeric in nature. The single bands of purified parent and mutant BGLs on SDS and Native-

PAGE also confirmed their apparent homogeneity and purity (Fig-3.56 and 3.57).  

 

 

Fig-3.57: 7.5% Native-PAGE of A. niger BGLs (P: parent BGL, M-6: mutant BGL, 1: Zymograph of parent 
BGL, 2: Zymograph of mutant BGL). 
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 The subunit and native molecular masses of rBGL from P. pastoris were 120 kDa 

(Fig-3.51) and 224 kDa (Fig-3.55), respectively. 

3.12.  Characteristics of the β-glucosidases 

3.12.1. Temperature optimum and activation energy (Ea) 

 Optimum temperature of purified BGLs from parent and mutant A. niger for 

cellobiose hydrolysis was 65 °C. Arrhenius plot for energy of activation (Ea) had a biphasic 

trend (Fig-3.58A). The ES*-complex formation at optimum temperature (65 °C) required Ea 

of 50 and 42 kJ mol-1 by parent and mutant BGLs, respectively (Table-3.12). 

  

 

 
 
Fig-3.58: Arrhenius plot for the effect of temperature on the activity of BGL and determination of activation 

energy for cellobiose hydrolysis. Data presented are average of n = 3 experiments.   
 A: Parent A. niger BGL (○) and mutant A. niger BGL (●). 
 B: Recombinant P. pastoris BGL. 

2.80 2.90 3.00 3.10 3.20 3.30 3.40

1000/T(K)

3

4

5

6

7

8

9

ln
 b

et
a-

gl
u

co
si

d
as

e 
ac

ti
vi

ty

A

2.80 2.90 3.00 3.10 3.20 3.30

1000/T(K)

3

4

5

6

7

8

9

ln
 r

B
G

L
 a

ct
iv

it
y

B



Chapter 03                                                                      Results 
 

 111

 The rBGL from P. pastoris also had the same optimum temperature (65 °C) and 

almost same activation energy as compared to the mutant BGL (Fig-3.58B, Table-3.12). 

 

 

Table-3.12: Effect of temperature on physiochemical properties of β-glucosidases from 
A. niger parent, mutant (M-6) and recombinant P. pastoris (R). 

 

Properties Parent (P) Mutant (M-6) Recombinant (R) 

Temp. optimum (C) 65 65 65 

Ea (kJ mol-1) 50 42 41 

Temp. quotient (Q10) 1.26 1.52 1.50 

Where: Ea (Activation energy) = -Slope x R, slope was determined from Fig-3.58, R is a gas constant (8.314 J K-

1 mol-1). The quantity of purified β-glucosidase in the reaction mixture was 1.5 μg. 
 

  

3.12.2. Temperature quotient (Q10) 

 The temperature quotient (Q10) for parent and mutant BGLs was 1.26 and 1.52, 

respectively. It also indicated that the mutant BGL was more efficient than parent BGL. 

While, rBGL temperature quotient was similar to mutant BGL (Table-3.12).   

 

3.12.3. pH optimum 

 The parent and mutant BGLs exhibited optimum activity at 65 °C in a pH range of 

4.4–5.3 and 4.1-5.6, with the maximum activity at pH 5.0 and 4.7, respectively. The pKa1 and 

pKa2 of the active site residues controlling Vmax of the parent and mutant BGLs at 65 °C were 

3.4 & 5.5 and 3.2 & 5.6, respectively (Table-3.13). We found a drift in pH optimum towards 

the acidic side when the temperature was lowered than optimum. The pKa values of both 

acidic and basic limbs showed an increasing trend with the increase in temperature. The pKa 

values were determined by using Dixon plots (Fig-3.59).  

 The rBGL also exhibited the maximum activity at pH 4.7 with optimum activity in the 

pH range of 3.8–5.6 (Table-3.13). rBGL showed wider pH range than mutant BGL especially 

towards acidic side. The pKa values of both acidic and basic limbs of rBGL determined by 

using Dixon plot (Fig-3.59) were almost similar to mutant BGL (Table-3.13).  
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Fig-3.59: Dixon plot for the effect of pH on activity and determination of pKa of ionizeable groups of active 
 site residues of BGL. Data presented are average values of n = 3 experiments: Parent A. 
 niger (P) BGL, Mutant A. niger (M-6) BGL and recombinant P. pastoris (Pi) BGL. 
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Table-3.13: Effect of temperature on the pH optimum and pKa of active site residues 
involved in Vmax of BGLs from A. niger parent, mutant (M-6) and 
recombinant P. pastoris (R). 

 

Properties Strain 45 °C 50 °C 55 °C 60 °C 65 °C 

pH optimum 

P 5.0 4.4 4.4 4.4 5.0 

M-6 4.7 4.4 4.4 4.7 4.7 

R 4.7 4.7 4.7 4.7 4.7 

pH range 

P 3.8-5.3 3.2-5.3 3.2-5.3 3.5-5.3 4.4-5.3 

M-6 2.9-5.6 2.9-5.6 3.5-5.6 3.5-5.6 4.1-5.6 

R 2.9-5.6 2.9-5.6 3.2-5.6 3.2-5.6 3.8-5.6 

pKa1 

P 2.8 3.0 3.1 3.2 3.4 

M-6 2.7 2.8 3.4 3.5 3.2 

R 2.7 2.9 3.3 3.4 3.3 

pKa2 

P 5.1 5.2 5.3 5.4 5.5 

M-6 5.2 5.3 5.4 5.6 5.6 

R 5.2 5.2 5.4 5.5 5.6 

Where: pKa1 and pKa2  were determined from Dixon plot (Fig-3.59). The quantity of purified β-glucosidase in the 
reaction mixture was 1.5 μg. The pHs at which the enzyme showed about 70% of activity relative to pH 
optimum was considered as the pH range. 
 
 

 

3.12.4.  Heat of ionization (ΔHI) of active site residues 

 The heat of ionization for the acidic (ΔHI-AL) and basic (ΔHI-BL) limbs of parent and 

mutant BGLs were 56 & 41 and 71 & 45 kJ mol-1, respectively, which was determined by 

applying Dixon plot (Fig-3.60). The heat of ionization for the acidic (ΔHI-AL) and basic (ΔHI-

BL) limbs of rBGL (70 & 45 kJ mol-1, respectively) determined by using Dixon plot (Fig-

3.60) was also similar to mutant BGL. 
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Fig-3.60: Dixon plot for the determination of Heat of ionization of BGL active site residues. Data presented 
 are average of n = 3 experiments: Parent A. niger (P) BGL, Mutant A. niger (M-6) BGL and 
 recombinant P. pastoris (Pi) BGL. 
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3.12.5. Kinetics and thermodynamics of cellobiose hydrolysis  

 The Michaelis-Menten constants (Vmax, Km, kcat and kcat/Km) were determined from 

Lineweaver-Burk plot for the hydrolysis of cellobiose at 65 °C, pH 5 (Fig-3.61). The Vmax (U 

mg-1 protein), Km (mM cellobiose) and kcat (s
-1) for the parent BGL were 1195, 0.24 and 2589, 

respectively, while the values for the mutant enzyme were 1908, 0.26 and 4135, respectively 

(Table-3.14). The specificity constant (kcat/Km) determined for parent BGL was 10,872 

whereas mutant BGL was 15,712 (s-1 mM-1 cellobiose). The kinetic properties of mutant BGL 

were significantly improved compared to those of the parent BGL. 

  

 

 
Fig-3.61:  Lineweaver-Burk plot for the determination of Michaelis kinetic constants (Vmax, Km) for 

cellobiose hydrolysis at 65 °C, pH 5.0 by BGL. Data presented are average values ± SD of n = 3 
experiments. 

 A: Parent A. niger BGL (○) and mutant A. niger BGL (●). 
 B: Recombinant P. pastoris BGL. 
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 Enthalpy of activation (∆H*) for substrate hydrolysis by the BGLs of parent and 

mutant was 47 and 39 kJ mol-1, respectively, while the Gibbs free energy (∆G*) for 

conversion of cellobiose to glucose was 61 and 60 kJ mol-1 and the entropy changes (∆S*) 

were -42 and -62 J mol-1 K-1, respectively (Table-3.14). 

  

The kinetic and thermodynamic characteristics of rBGL from P. pastoris were 

presented in Table-3.14. The Vmax of rBGL was lower than the mutant BGL, which resulted 

into lower kcat and specificity constant (kcat/Km) than mutant BGL.  

 

 

Table-3.14:  Kinetics and thermodynamics of cellobiose hydrolysis by β-glucosidases 
from A. niger  parent, mutant (M-6) and recombinant P. pastoris (R) at 65 
C, pH 5. 

 

Properties Parent (P) Mutant (M-6) 
Recombinant 

(R) 

Vmax (U mg-1 protein) 1,195 1,908 1,524 

Km (mM cellobiose) 0.24 0.26 0.26 

kcat (s
-1) 2,589 4,135 3,049 

kcat/ Km (s
-1 mM-1 cellobiose) 10,872 15,712 11,890 

ΔH* (kJ mol-1) 47 39 38 

ΔG* (kJ mol-1) 61 60 61 

ΔS* (J mol-1 K-1) -42 -62 -67 

ΔG*(E-S) (kJ mol-1) -4.03 -3.75 -3.82 

ΔG* (E-T) (kJ mol-1) -26.12 -27.15 -26.37 

Where, kcat (turn over number) = Vmax /[e], where [e] is the monomeric enzyme conc. in reaction mixture (1.5 µg 
or 1.154×10-5 µmole). One mg of A. niger BGL (monomer) was equal to 7.69×10-3 µmole. ΔH*, ΔG*, ΔS*, 
ΔG*(E-S) and ΔG*(E-T) were calculated by applying eq. # 14, 15, 16, 17 and 18, respectively. 
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3.12.6. Kinetics and thermodynamics of irreversible thermal inactivation 

The stabilities of parent and mutant A. niger BGLs against thermal inactivation were 

determined (Fig-3.62) at temperatures 49-61 C upto 80 min. Energy of activation for 

irreversible thermal inactivation (Ea(d)) of parent BGL was 274 kJ mol-1, whereas it was 240 

kJ mol-1 for mutant BGL (Table-3.15) determined by plotting Kd verses temperature 

according to Arrhenius plot (Fig-3.63). The value of ΔG* for mutant BGL was higher than 

that of parent at all tested temperatures while ΔH* was lower. Similarly, the mutant BGL had 

higher half lives (t½) at all tested temperatures than parent BGL. The high ΔG* and half life 

confirmed that it is more stable than the parent BGL (Table-3.15). ΔS* for both strains was 

also calculated and are presented in Table-3.15. The initial experiments on rBGL from P. 

pastoris indicated that rBGL was not significantly different from the mutant BGL, therefore, 

not evaluated in detail for thermal stability. 

 

 

Fig-3.62:  Pseudo first-order plots for irreversible thermal inactivation of BGL from A. niger. The enzyme 
 solution was incubated at various temperatures (49-61 °C) in 10 mM Tris–HCl buffer (pH 7). Data 
 presented are average of n = 3 experiments: Parent A. niger (P) BGL, Mutant A. niger (M-6) BGL. 
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Fig-3.63: Arrhenius plot for the determination of activation energy ‘Ea(d)’ for irreversible thermal 

inactivation of BGL from parent A. niger (○) and the mutant A. niger (●). Data presented are 
average of n = 3 experiments. 

 
Table-3.15: Kinetics and thermodynamics of irreversible thermal inactivation of β-

glucosidases from Aspergillus niger parent (P) and mutant (M-6). 
 

Strain 
Temp. 

(K) 
Kd 

(min-1) 
t½ 

(min) 
∆H* 

(kJ mol-1) 
∆G* 

(kJ mol-1) 
∆S* 

(J mol-1 K-1) 

P
ar

en
t 

(P
) 

322 3.1×10-3 224 271.44 105.49 515.35 

325 8.1×10-3 86 271.41 103.90 515.40 

328 2.3×10-2 31 271.39 102.09 516.14 

331 5.9×10-2 12 271.36 100.39 516.51 

334 1.6×10-1 4 271.34 98.55 517.31 

M
u

ta
n

t 
(M

-6
) 

322 2.9×10-3 239 237.02 105.67 407.90 

325 7.6×10-3 91 236.99 104.08 408.97 

328 1.8×10-2 38 236.97 102.65 409.50 

331 4.2×10-2 16 236.94 101.34 409.68 

334 9.3×10-2 7 236.92 100.08 409.70 

Where, Kd = first order rate constant for inactivation, t½ = half life = 0.693/Kd. Thermodynamic parameters 
(∆H*, ∆G* and ∆S*) were calculated by using equation # 14, 15 and 16, respectively. Ea(d) of parent and mutant 
(274 and 240 kJ mol-1, respectively) were calculated using Ea(d) = -Slope x R. Where, slope was determined from 
Fig-3.63 and R is a gas constant. The β-glucosidase concentration heated at various temperatures was 15 μg ml-1 

and the quantity of purified β-glucosidase in the assay reaction mixture was 1.5 μg.  
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3.12.7. Effect of protease and urea 

 The pseudo first-order plots for the stability of BGL against chymotrypsin (Fig-3.64) 

and urea (Fig-3.65) were linear. The residual activities of A. niger parent and mutant BGL 

after 60 min of α-chymotrypsin treatment were about 95% and 91%, respectively. The half 

life against α-chymotrypsin proteolysis for A. niger parent and mutant BGL were 341 and 

383 min, respectively (Table-3.16). 

 

 

 
 
Fig-3.64: Effect of α-chymotrypsin (10 mg ml−1) on kinetic stability of BGL from parent A. niger (○) and the 

mutant A. niger (●). Data presented are average of n = 3 experiments. 
 
  

 

 

The residual activities of A. niger parent and mutant BGL after 60 min of treatment 

against 4 M urea were 57 and 98%, respectively, whereas against 8 M urea these were only 2 

and 7%, respectively. The half lives of A. niger parent BGL were 72 and 13 min and that of 

mutant were 113 and 20 min against 4 M and 8 M urea, respectively (Table-3.16). The 

mutant enzyme showed greater stability against 4, 6 and 8 M urea at 30 C than that of parent 

BGL. 
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Fig-3.65:   Effect of urea on kinetic stability of BGL from A. niger. Data presented are average of n = 3 
 experiments: Parent A. niger (P) BGL, Mutant A. niger (M-6) BGL. 
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Table-3.16: Effect of of proteolytic nicking and urea on the stability of β-glucosidases 
from Aspergillus niger parent (P) and mutant (M-6). 

 
S

tr
ai

n
 α-chymotrypsin 

(10 mg ml-1) 
4 M Urea 6 M Urea 8 M Urea 

Kd 
(min-1) 

t½ 
(min) 

Kd 
(min-1) 

t½ 
(min)

Kd 
(min-1) 

t½ 
(min) 

Kd 
(min-1) 

t½ 
(min) 

P
ar

en
t 

(P
) 2.0×10-3 341 9.7×10-3 72 4.5×10-2 15 5.2×10-2 13 

M
u

ta
n

t 

(M
-6

) 

1.8×10-3 383 6.1×10-3 113 2.5×10-2 28 3.5×10-2 20 

Half-life (t½) was calculated using the relation 0.693/Kd, where Kd is the first order rate constant for inactivation 
of β-glucosidase. The concentration of β-glucosidase treated with α-chymotrypsin or urea was 15 μg ml-1 and the 
quantity of purified β-glucosidase in the assay reaction mixture was 1.5 μg. 

 

 Comparative analysis of BGLs (Tables-3.12 to 3.16) indicated that most of the kinetic 

and thermodynamic characteristics of A. niger parent and mutant BGLs were quite different, 

while that of rBGL from P. pastoris were not significantly different from mutant BGL. 

Therefore, the parent and mutant BGLs were selected further for metal analysis. 

 

3.13. Effect of metals on β-glucosidase activity and stability 

 The apo-β-glucosidases (apo-BGLs) of parent and mutant A. niger were treated with 

CaCl2 and MnCl2 to study their effect on stability-function relationship. 

3.13.1. Effect of metals on temperature optimum and activation energy (Ea) 

  Various concentrations of CaCl2 (0.015–0.09 mM) and MnCl2 (0.015–0.09 mM) were 

used to evaluate their effect on temperature optimum of apo-BGLs. The temperature 

optimum remained same (65 C) for apo and Ca2+ bound BGLs (Table-3.17) at all tested 

concentrations. The energy of activation (Ea) of apo and Ca2+ bound BGLs was calculated by 

using Arrhenius plot (Fig-3.66). All the Ca2+ bound forms of BGLs required lower activation 

energy to reach at transition state than apo-BGL, showing activation of the enzyme. The 

mutant apo-BGL required higher activation energy than parent apo-BGL. At lower 
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concentrations of Ca2+, mutant BGLs required lower activation energy than parent BGLs 

while, at higher concentrations the case was reversed (Table-3.17). 

 

 

 
Fig-3.66: Arrhenius plot for the determination of effect of Ca2+ (0.015-0.09 mM) on activation energy for 

cellobiose hydrolysis by A. niger BGLs. P: Parent A. niger BGL and M-6: Mutant A. niger BGL. 
Data presented are average of n = 3 experiments. 
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Table-3.17: Effect of Ca2+ on temperature optimum and activation energy of BGLs 

for cellobiose  hydrolysis at pH 5.0. 

BGL Ca2+ conc. (mM) 
Temp optimum 

(ºC) 
Ea (kJ mol-1) 

Parent (P) 

Apo 65 45.81 

0.015 65 37.08 

0.030 65 44.06 

0.045 65 44.90 

0.060 65 38.83 

0.075 65 36.42 

0.090 65 36.25 

Mutant (M-6) 

Apo 65 46.56 

0.015 65 26.94 

0.030 65 28.60 

0.045 65 30.26 

0.060 65 42.90 

0.075 65 43.23 

0.090 65 41.15 

Ea = -Slope x R, where slopes were determined from Fig-3.66 for parent and mutant A. niger CaCl2-treated 
BGLs. R is the gas constant. 

 

 

Manganese shifted the temperature optima of parent and mutant apo-BGL from 65 to 

55 C at higher concentrations of Mn2+ with the subsequent increase in required activation 

energy for cellobiose hydrolysis (Table-3.18). This shift showed that Mn2+ concentration 

above 0.06 mM have inhibitory effect on enzyme activity. The mutant Mn2+ bound BGLs 

required higher activation energy than parent Mn2+ bound BGLs at all tested Mn2+ 

concentrations. The energy of activation (Ea) of apo and Mn2+ bound BGLs was calculated by 

using Arrhenius plot (Fig-3.67). 
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Fig-3.67 Arrhenius plot for the determination of effect of Mn2+ (0.015-0.09 mM) on activation energy for 

cellobiose hydrolysis by A. niger BGLs. P: Parent A. niger BGL and M-6: Mutant A. niger BGL. 
Data presented are average of n = 3 experiments. 
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Table-3.18: Effect of Mn2+ on temperature optimum and activation energy of BGLs 

for cellobiose  hydrolysis at pH 5.0. 

BGL Mn2+ conc. (mM) 
Temp optimum 

(ºC) 
Ea (kJ mol-1) 

Parent (P) 

Apo 65 45.81 

0.015 65 38.16 

0.030 65 32.01 

0.045 65 36.58 

0.060 65 37.08 

0.075 55 51.80 

0.090 55 58.20 

Mutant (M-6) 

Apo 65 46.56 

0.015 65 41.24 

0.030 65 34.42 

0.045 65 36.50 

0.060 55 54.87 

0.075 55 57.37 

0.090 55 68.76 

Ea = -Slope x R, where slopes were determined from Fig-3.67 for parent and mutant A. niger MnCl2-treated 
BGLs. R is the gas constant. 

 

3.13.2. Effect of metals on pH optimum and heat of ionization (ΔHI) of active site residues 

The effect of hydrogen ion concentration on the rate of cellobiose hydrolysis by 

parent and mutant apo-BGLs was assayed in the absence and presence of varied 

concentrations of CaCl2 (0.015–0.09 mM) and MnCl2 (0.015–0.09 mM) in the reaction 

mixture at temperatures (35, 45, 55 and 65 °C). 

Parent and mutant apo-BGLs worked optimally at pH 5 and Ca2+ or Mn+2 did not 

affect the optimum pH (Table-3.19 to 3.22). The pKa1 and pKa2 values of ionizable groups of 

active site residues of parent and mutant apo-BGLs at 65 °C were 3.4 & 5.4 and 3.4 & 5.5, 

respectively (Fig-3.68 and 3.75). In the absence or presence of Ca2+ or Mn+2, a gradual 

increase in the pKa values was observed with the increase in incubation temperature (Table-

3.19 to 3.22). 
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Fig-3.68:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger apo-BGL. Data presented are average of n = 3 
experiments. 

 
Fig-3.69:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.015 mM Ca2+. Data 
presented are average of n = 3 experiments. 

 

 
Fig-3.70:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.03 mM Ca2+. Data 
presented are average of n = 3 experiments. 
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Fig-3.71:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.045 mM Ca2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.72:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.06 mM Ca2+. Data 
presented are average of n = 3 experiments. 

 

 
Fig-3.73:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.075 mM Ca2+. Data 
presented are average of n = 3 experiments. 
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Fig-3.74:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.09 mM Ca2+. Data 
presented are average of n = 3 experiments. 

 
 

 
 
 
Fig-3.75:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger apo-BGL. Data presented are average of n = 3 
experiments. 
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Table-3.19: Effect of Ca2+ on optimum pH and pKa of β-glucosidase from A. niger 
parent. 

 

Ca2+ conc. 
(mM) Properties 35 °C 45 °C 55 °C 65 °C 

Apo 

 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 2.9 3.1 3.3 3.4 

pKa2 5 5.1 5.3 5.4 

0.015 

 

pH optimum 5.0 5.0 4.0 5.0 

pKa1 3.2 3.2 3.3 3.4 

pKa2 5 5.2 5.4 5.4 

0.03 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.2 3.3 3.3 3.4 

pKa2 5.1 5.1 5.2 5.4 

0.045 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.2 3.2 3.3 3.4 

pKa2 5.0 5.1 5.2 5.4 

0.06 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 2.9 3.3 3.4 3.4 

pKa2 5.0 5.0 5.3 5.3 

0.075 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 2.8 3.3 3.4 3.3 

pKa2 4.9 5.2 5.3 5.3 

0.09 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.0 3.3 3.3 3.4 

pKa2 5.0 5.0 5.2 5.5 

Where: pKa1 and pKa2 were determined from Dixon plots (Fig-3.68 to 3.74). The quantity of purified BGL in the 
reaction mixture was 1.65 μg.  
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Fig-3.76:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.015 mM Ca2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.77:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.03 mM Ca2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.78:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.045 mM Ca2+. Data 
presented are average of n = 3 experiments. 
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Fig-3.79:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.06 mM Ca2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.80:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.075 mM Ca2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.81:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.09 mM Ca2+. Data 
presented are average of n = 3 experiments. 
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Table-3.20: Effect of Ca2+ on optimum pH and pKa of β-glucosidase from A. niger 
mutant. 

 

Ca2+ conc. 
(mM) Properties 35 °C 45 °C 55 °C 65 °C 

Apo 

 

pH optimum 5.0 5.0 4.0 5.0 

pKa1 2.9 3.1 3.3 3.4 

pKa2 5.0 5.2 5.2 5.5 

0.015 

 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.3 3.3 3.4 3.4 

pKa2 5.3 5.3 5.5 5.5 

0.03 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.0 3.1 3.2 3.4 

pKa2 5.1 5.2 5.3 5.4 

0.045 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.1 3.1 3.2 3.4 

pKa2 5.1 5.1 5.2 5.4 

0.06 

pH optimum 5.0 4.0 5.0 5.0 

pKa1 3.1 3.2 3.4 3.4 

pKa2 5.1 5.1 5.4 5.4 

0.075 

pH optimum 5.0 5.0 4.0 5.0 

pKa1 2.9 3.1 3.3 3.4 

pKa2 5.0 5.1 5.3 5.4 

0.09 

pH optimum 5.0 4.0 5.0 5.0 

pKa1 3.0 3.2 3.3 3.4 

pKa2 5.0 5.1 5.2 5.5 

Where: pKa1 and pKa2 were determined from Dixon plot (Fig-3.75 to 3.81). The quantity of purified BGL in the 
reaction mixture was 1.65 μg.  
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Fig-3.82:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 
groups of active site residues of parent A. niger BGL in the presence of 0.015 mM Mn2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.83:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.03 mM Mn2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.84:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.045 mM Mn2+. Data 
presented are average of n = 3 experiments. 
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Fig-3.85:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.06 mM Mn2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.86:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.075 mM Mn2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.87:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of parent A. niger BGL in the presence of 0.09 mM Mn2+. Data 
presented are average of n = 3 experiments. 
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Table-3.21: Effect of Mn2+ on optimum pH and pKa of β-glucosidase from A. niger 
parent. 

 

Mn2+ conc. 
(mM) Properties 35 °C 45 °C 55 °C 65 °C 

0.015 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.2 3.3 3.4 3.5 

pKa2 5.5 5.3 5.4 5.6 

0.03 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.1 3.3 3.4 3.5 

pKa2 5.1 5.3 5.5 5.5 

0.045 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.2 3.2 3.3 3.4 

pKa2 4.9 5.1 5.5 5.5 

0.06 

pH optimum 5.0 4.0 5.0 5.0 

pKa1 2.9 3.3 3.3 3.4 

pKa2 5.0 5.0 5.3 5.3 

0.075 

pH optimum 5.0 5.0 5.0 4.0 

pKa1 2.9 3.3 3.4 3.3 

pKa2 4.9 5.2 5.3 5.4 

0.09 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 2.9 3.3 3.3 3.4 

pKa2 5.1 5.2 5.3 5.5 

Where: pKa1 and pKa2 were determined from Dixon plot (Fig-3.82 to 3.87). The quantity of purified BGL in the 
reaction mixture was 1.65 μg. 
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Fig-3.88:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.015 mM Mn2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.89:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.03 mM Mn2+. Data 
presented are average of n = 3 experiments. 

 

 
 
Fig-3.90:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.045 mM Mn2+. Data 
presented are average of n = 3 experiments. 
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Fig-3.91:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.06 mM Mn2+. Data 
presented are average of n = 3 experiments. 

 
Fig-3.92:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.075 mM Mn2+. Data 
presented are average of n = 3 experiments. 

 

 
Fig-3.93:  Dixon plot for the effect of temperature on pH optimum and determination of pKa for ionizable 

groups of active site residues of mutant A. niger BGL in the presence of 0.09 mM Mn2+. Data 
presented are average of n = 3 experiments. 
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Table-3.22: Effect of Mn2+ on optimum pH and pKa of β-glucosidase from A. niger 
mutant. 

 

Mn2+ conc. 
(mM) Properties 35 °C 45 °C 55 °C 65 °C 

0.015 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.2 3.3 3.3 3.4 

pKa2 5.3 5.3 5.4 5.4 

0.03 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.2 3.3 3.3 3.5 

pKa2 5.1 5.4 5.5 5.5 

0.045 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 3.1 3.2 3.2 3.4 

pKa2 5.4 5.4 5.3 5.4 

0.06 

pH optimum 5.0 4.0 5.0 5.0 

pKa1 2.9 2.9 3.3 3.5 

pKa2 5.0 4.9 5.4 5.4 

0.075 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 2.9 3.1 3.3 3.3 

pKa2 5.1 5.3 5.4 5.4 

0.09 

pH optimum 5.0 5.0 5.0 5.0 

pKa1 2.9 3.3 3.4 3.5 

pKa2 5.1 5.2 5.4 5.4 

Where: pKa1 and pKa2 were determined from Dixon plot (Fig-3.88 to 3.93). The quantity of purified BGL in the 
reaction mixture was 1.65 μg.  

 
  

The heat of ionization for the acidic (ΔHI-AL) and basic (ΔHI-BL) limbs of parent and 

mutant apo-BGLs were 31 & 28 and 34 & 30 kJ mol-1, respectively, which was determined 

by applying Dixon plot (Fig-3.94). In the presence of 0.06 mM Ca2+ (at which the parent and 
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mutant BGLs showed highest Vmax and kcat), these were reduced to 29 & 24 and 22 & 24 kJ 

mol-1, respectively (Fig-3.95). While, in the presence of 0.015 mM Mn2+ (at which the parent 

and mutant BGLs showed highest Vmax and kcat), these were highly reduced to 20 & 7 and 12 

& 8, respectively (Fig-3.96). 

 
 

 

 

 

Fig-3.94: Dixon plot for the determination of heat of ionization (HI) of apo-BGL active site residues. P: 
Parent A. niger apo-BGL and M-6: Mutant A. niger apo-BGL. 
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Fig-3.95: Dixon plot for the determination of heat of ionization (HI) of BGL active site residues in the 
presence of 0.06 mM Ca2+. P: Parent A. niger BGL and M-6: Mutant A. niger BGL. 
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Fig-3.96: Dixon plot for the determination of heat of ionization (HI) of BGL active site residues in the 
presence of 0.015 mM Mn2+. P: Parent A. niger BGL and M-6: Mutant A. niger BGL. 

 

3.13.3. Effect of metals on kinetics and thermodynamics of cellobiose hydrolysis 

The Michaelis-Menten kinetic constants (Vmax, Km, kcat and kcat/Km) for cellobiose 

hydrolysis were determined by assaying fixed amount (1.82 μg) of apo-BGL with varied 

concentrations of cellobiose (0.37–4.38 mM) at 65 °C, pH 5.0 in the absence and presence of 

several fixed concentrations of CaCl2 (0.015–0.09 mM) and MnCl2 (0.015–0.09 mM).  

Double reciprocal plot was applied to determine Vmax and Km (Fig-3.97A and 3.99A). The 

removal of metal ions from A. niger BGL did not result into the complete loss of enzymatic 
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2.90 3.00 3.10 3.20 3.30

1000/T

0

2

4

6

8

p
K

a

pKa1

pK
a2

P

2.90 3.00 3.10 3.20 3.30

1000/T

0

2

4

6

8

pK
a

pK
a1

pK
a2

M-6



Chapter 03                                                                      Results 
 

 142

turnover (kcat) of parent apo-BGL showed an increase in the presence of all tested CaCl2 

concentrations, while at higher concentrations (0.06 mM and above) showed a declining 

trend. Similar trend was also found for mutant apo-BGL. We also found that Ca2+ increased 

the Km values of both parent and mutant BGLs at all metal concentrations as compared to 

apo-BGLs. In case of specificity constant (kcat/Km) for cellobiose hydrolysis, a periodic 

decrease and increase has been observed (Table-3.23). 

 

 

Fig-3.97: A: Double reciprocal plots between 1/v Vs 1/S for the determination of Michaelis kinetic constants 
(Vmax, Km) for cellobiose hydrolysis at 65 °C, pH 5.0 by parent A. niger apo-BGL at fixed 
concentrations of activator (Ca2+). Data presented are average values  SD of n = 3 experiments. 

 B: Secondary plots of the slopes and intercept from ‘A’ against 1/Ca2+ (activator concentrations) 
for the determination of Dixon dissociation constants i.e. Ks

A and Km
A for binary (EA) and ternary 

(ESA) complexes, respectively. 
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Fig-3.98: A: Double reciprocal plots between 1/v Vs 1/a (Ca2+, activator concentration) at fixed 

concentrations of cellobiose (0.36-3.65 mM) for parent A. niger apo-BGL. (B) Secondary plots of 
the slopes and intercept from ‘A’ against 1/S (cellobiose concentrations) for the determination of 
Dixon dissociation constants i.e. Ks

S and Km
S for binary (ES) and ternary (EAS) complexes, 

respectively. 
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Fig-3.99: A: Double reciprocal plots between 1/v Vs 1/S for the determination of Michaelis kinetic constants 

(Vmax, Km) for cellobiose hydrolysis at 65 °C, pH 5.0 by mutant A. niger apo-BGL at fixed 
concentrations of activator (Ca2+). Data presented are average values  SD of n = 3 experiments. 

 B: Secondary plots of the slopes and intercept from ‘A’ against 1/Ca2+ (activator concentrations) 
for the determination of Dixon dissociation constants i.e. Ks

A and Km
A for binary (EA) and ternary 

(ESA) complexes, respectively. 
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Fig-3.100: A: Double reciprocal plots between 1/v Vs 1/a (Ca2+, activator concentration) at fixed 

concentrations of cellobiose (0.36-3.65 mM) for mutant A. niger apo-BGL. (B) Secondary plots of 
the slopes and intercept from ‘A’ against 1/S (cellobiose concentrations) for the determination of 
Dixon dissociation constants i.e. Ks

S and Km
S for binary (ES) and ternary (EAS) complexes, 

respectively. 
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Table-3.23:  Effect of Ca2+ on kinetics of cellobiose hydrolysis by BGLs of A. niger 
parent and mutant at 65 C, pH 5.0. 

 

BGL 
Ca2+ conc. 

(mM) 

Vmax  
(U mg-1 
protein)

Km  
(mM 

cellobiose)

kcat  
(s-1) 

kcat/Km 

Parent  
(P) 

Apo 377 0.30 818 2,698 

0.015 1,250 1.00 2,708 2,708 

0.030 2,500 2.86 5,417 1,896 

0.045 3,571 4.55 7,738 1,702 

0.060 3,891 4.55 8,431 1,855 

0.075 792 0.67 1,715 2,573 

0.090 613 0.48 1,329 2,791 

Mutant  
(M-6) 

Apo 592 0.36 1,282 3,590 

0.015 617 0.50 1,337 2,675 

0.030 637 0.71 1,380 1,932 

0.045 826 1.18 1,791 1,522 

0.060 1,235 4.55 2,675 588 

0.075 420 0.42 910 2,185 

0.090 331 0.31 717 2,296 

Where: apo was the metal free control BGL, kcat (turn over number) = Vmax/[e] and [e] is the enzyme conc. One 
mg BGL was equal to 7.69×10-3 µmole. 

 

 

 

Gibbs free energy for activation of cellobiose hydrolysis (ΔG*) by parent and mutant 

apo-BGLs were 64.29 and 63.02 kJ mol-1, respectively. Gibbs free energy (ΔG*) for all of the 

Ca2+-bound parent BGLs was less as compared to apo-BGL. The ΔG* for Ca2+-bound mutant 

BGLs was lower than apo-BGL upto 0.06 mM Ca2+ ion concentration  and was higher 

afterwards. Enthalpy change for activation of substrate hydrolysis (ΔH*) at optimum 

temperature (65 ºC) for parent BGL was lowest at 0.09 mM CaCl2 (33.44 kJ mol-1) as 

compared to apo-BGL and for mutant BGL was lowest at 0.015 mM CaCl2 (24.13 kJ mol-1) 

as compared to mutant apo-BGL (Table-3.24). The ΔS*, ∆G*E-S and ∆G*E-T for parent and 

mutant apo-BGLs were also determined and have compared with Ca2+-bound BGLs (Table-

3.24). These parameters showed a variable trend on various Ca2+ ion concentrations. 
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Table-3.24:  Effect of Ca2+ on thermodynamics of cellobiose hydrolysis by BGLs of A. 
niger parent and mutant at 65 C, pH 5.0. 

 

BGL 
Ca2+ conc. 

(mM) 
ΔH*  

(kJ mol-1) 
ΔG*  

(kJ mol-1) 

ΔS*  
(J mol-1 

K-1)

∆G*E-S  
(kJ mol-1) 

∆G*E-T  
(kJ mol-1) 

Parent  
(P) 

Apo 43.00 64.29 -62.98 -9.27 -22.20 

0.015 34.27 60.92 -78.85 -2.81 -22.21 

0.030 41.25 58.97 -52.42 -0.98 -21.21 

0.045 42.09 57.97 -47.00 -0.62 -20.91 

0.060 36.02 57.73 -64.24 -0.62 -21.15 

0.075 33.61 62.20 -84.61 -4.22 -22.07 

0.090 33.44 62.92 -87.22 -5.90 -22.30 

Mutant  
(M-6) 

Apo 43.75 63.02 -57.02 -7.87 -23.00 

0.015 24.13 62.90 -114.72 -5.62 -22.18 

0.030 25.79 62.81 -109.54 -3.93 -21.26 

0.045 27.45 62.08 -102.46 -2.39 -20.59 

0.060 40.09 60.96 -61.73 -0.62 -17.92 

0.075 40.42 63.98 -69.71 -6.74 -21.61 

0.090 38.34 64.65 -77.84 -8.99 -21.75 

Where: ΔG*, ΔH*, ΔS*, ∆G*E-T and ∆G*E-S were calculated from eq. # 14, 15, 16, 17 and 18, respectively. 
 
 
 
 
 

Double reciprocal plot was also applied to determine the effect of Mn2+ on Vmax and 

Km (Fig-3.101A and 3.103A). The turnover (kcat) of parent and mutant Mn2+ bound BGLs in 

the presence of 0.015-0.075 mM MnCl2 was higher than their respective apo-BGLs. 

However, with the increase in Mn2+ ion concentration a declining trend in kcat has been 

observed, showing that high concentration of Mn2+ had an inhibitory effect on BGL enzyme 

activity. The Km was also increased for parent and mutant BGLs at all tested concentrations as 

compared to their respective apo-BGLs with a declining trend at higher Mn2+ concentrations. 

The specificity constant (kcat/Km) for cellobiose hydrolysis of all Mn2+ bound BGLs was 

decreased (Table-3.25).  
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Fig-3.101: A: Double reciprocal plots between 1/v Vs 1/S for the determination of Michaelis kinetic constants 
(Vmax, Km) for cellobiose hydrolysis at 65 °C, pH 5.0 by parent A. niger apo-BGL at fixed 
concentrations of inhibitor (Mn2+). Data presented are average values  SD of n = 3 experiments. 

 B: Secondary plots of the slopes and intercept from ‘A’ against Mn2+ (inhibitor concentrations) for 
the determination of Dixon inhibition constants i.e. Ki and Ki΄. 
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Fig-3.102: A: Double reciprocal plots between 1/v Vs 1/S for the determination of Michaelis kinetic constants 

(Vmax, Km) for cellobiose hydrolysis at 65 °C, pH 5.0 by mutant A. niger apo-BGL at fixed 
concentrations of inhibitor (Mn2+). Data presented are average values  SD of n = 3 experiments. 

 B: Secondary plots of the slopes and intercept from ‘A’ against Mn2+ (inhibitor concentrations) for 
the determination of Dixon inhibition constants i.e. Ki and Ki΄. 
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Table-3.25:  Effect of Mn2+ on kinetics of cellobiose hydrolysis by BGLs of A. niger 

parent and mutant at 65 C, pH 5.0. 
 

BGL 
Mn2+ conc. 

(mM) 

Vmax  
(U mg-1 
protein)

Km  
(mM 

cellobiose)

kcat  
(s-1) 

kcat/Km 

Parent  
(P) 

Apo 377 0.30 818 2,698 

0.015 1,695 2.00 3,672 1,836 

0.030 840 0.80 1,821 2,276 

0.045 758 0.80 1,641 2,052 

0.060 524 0.80 1,134 1,418 

0.075 377 0.77 818 1,063 

0.090 329 0.80 713 891 

Mutant  
(M-6) 

Apo 592 0.36 1,282 3,590 

0.015 9,091 5.00 19,697 3,939 

0.030 1,408 2.50 3,052 1,221 

0.045 847 1.67 1,836 1,102 

0.060 680 1.33 1,474 1,105 

0.075 629 1.25 1,363 1,090 

0.090 380 1.18 824 700 

Where: apo was the metal free control BGL, kcat (turn over number) = Vmax/[e] and [e] is the enzyme conc. One 
mg BGL was equal to 7.69×10-3 µmole. 

 

 

The Mn2+ decreased ΔG* for parent and mutant Mn2+ bound BGLs at all studied 

concentrations. Enthalpy change for activation of substrate hydrolysis (ΔH*) was decreased 

upto 0.06 mM and 0.045 mM MnCl2 for parent and mutant BGLs, respectively, as compared 

to apo-BGLs (Table-3.26). The ΔS*, ∆G*E-S and ∆G*E-T for parent and mutant apo-BGLs 

were also determined and have compared with Mn2+-bound BGLs (Table-3.26). The ΔS* 

showed a variable trend on various Mn2+ ion concentrations, while ∆G*E-S and ∆G*E-T showed 

declining and increasing trend, respectively. 
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Table-3.26:  Effect of Mn2+ on thermodynamics of cellobiose hydrolysis by BGLs of A. 
niger parent and mutant at 65 C, pH 5.0. 

 

BGL 
Mn2+ conc. 

(mM) 
ΔH*  

(kJ mol-1) 
ΔG*  

(kJ mol-1) 

ΔS*  
(J mol-1 

K-1)

∆G*E-S  
(kJ mol-1) 

∆G*E-T  
(kJ mol-1) 

Parent  
(P) 

Apo 43.00 64.29 -62.98 -9.27 -22.20

0.015 35.35 60.06 -73.12 -1.41 -21.12

0.030 29.20 62.04 -97.15 -3.51 -21.72

0.045 33.77 62.33 -84.49 -3.51 -21.43

0.060 34.27 63.37 -86.08 -3.51 -20.39

0.075 49.07 62.30 -40.34 -3.55 -19.00

0.090 55.47 62.68 -21.97 -3.41 -18.52

Mutant  
(M-6) 

Apo 43.75 63.02 -57.02 -7.87 -23.00

0.015 38.43 55.34 -50.05 -0.56 -23.26

0.030 31.61 60.58 -85.72 -1.12 -19.97

0.045 33.69 62.01 -83.80 -1.69 -19.68

0.060 52.15 60.70 -26.07 -2.05 -19.11

0.075 54.64 60.91 -19.11 -2.18 -19.07

0.090 66.03 62.28 11.43 -2.32 -17.87

Where: ΔG*, ΔH*, ΔS*, ∆G*E-T and ∆G*E-S were calculated from eq. # 14, 15, 16, 17 and 18, respectively. 

 

3.13.4. Kinetic mechanism of β-glucosidase activation/inhibition 

Hydrolysis of cellobiose by parent and mutant A. niger BGLs was activated in the 

presence of Ca2+. The kinetics of cellobiose hydrolysis by apo-BGL was determined at 

various substrate concentrations at a series of fixed CaCl2 concentrations. Primary plots 1/v 

Vs 1/S at series of fixed concentrations of Ca2+ for parent (Fig-3.97A) and mutant BGL (Fig-

3.99A) as well as 1/v Vs 1/a at series of fixed cellobiose concentrations for parent (Fig-

3.98A) and mutant BGL (Fig-3.100A) were plotted where s and a represents cellobiose and 

Ca2+, respectively. To determine Dixon dissociation constants (KS
A, KS

S) for binary 

complexes i.e. EA and ES and dissociation constants (Km
A, Km

S) for ternary complexes i.e. 

ESA and EAS, respectively, the slopes and intercepts on 1/v of the primary plots were taken, 

which were then plotted against 1/a and 1/s for parent (Fig-3.97B and 3.98B) and mutant 

BGL (Fig-3.99B and 3.100B). 
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The Dixon dissociation constants KS
S and Km

S for dissociation of cellobiose from 

the binary (ES) and ternary (EAS) complexes for parent and mutant BGLs were 4.0 & 1.3 

and 3.13 & 1.67 mM cellobiose, respectively (Table-3.27). These constants indicated that A. 

niger BGL have more affinity to bind with cellobiose when activator (Ca2+) is already bound 

to the enzyme (lower Km
S values) as compared to free enzyme (higher KS

S values) without 

activator. The KS
A and Km

A for dissociation of Ca2+ from its binary (EA) and ternary (ESA) 

complexes for parent and mutant BGLs were 0.07 & 0.25 and 0.08 & 0.35 mM CaCl2, 

respectively (Table-3.27). These constants also authenticated that A. niger BGL in free state 

requires less concentration of CaCl2 than if enzyme already bound to substrate (lower KS
A 

than Km
A). Hence, the activation mechanism of A. niger BGL by Ca2+ is of mixed nature, 

where Ca2+ preferred to bind with free enzyme (competitive portion is more than the un-

competitive). Higher Vmax and k (equal to kcat) values when Ca2+ was binding first with free 

enzyme also proved our hypothesis. 

The Dixon dissociation constants could not be determined for Mn2+. Although Mn2+ 

was also activating the apo-BGLs from both parent and mutant A. niger (Table-3.25), the 

secondary plots can only be applied if the activation of the BGL goes on increasing with the 

increase in Mn2+ concentrations. Contrary to it, the BGLs showed inhibition with the increase 

in Mn2+ concentrations. Therefore, to evaluate the affinity of Mn2+ to the free and substrate 

bound BGL, the Dixon plots for the evaluation of inhibition constant were applied (Fig-

3.101B and 3.102B). The higher values of Ki (inhibition constant if inhibitor Mn2+ binds 1st 

with free enzyme) for both parent and mutant BGLs than Ki΄ (if inhibitor Mn2+ binds with 

enzyme-substrate complex) showed that the inhibition mechanism of Mn2+ with respect to 

0.015 mM Mn2+ concentration was of partially un-competitive nature, where Mn2+ preferably 

binding with Enzyme-Substrate complex (Table-3.27). 

3.13.5. Effect of metals on irreversible thermal stability 

 The apo, Ca2+- and Mn2+- bound BGLs from parent and mutant A. niger were heated 

at different temperatures ranging from 61-70 C and pseudo first order plots were applied to 

determine the rate of irreversible thermal inactivation (Fig-3.103 and 3.105, respectively). 

The energy of activation for irreversible thermal inactivation (Ea(d)) of apo, Ca2+- and Mn2+-

bound parent BGLs was 293, 251 and 187 kJ mol-1, respectively, which was determined by 

applying Arrhenius plot (Fig-3.104). The half life (t½) and thermodynamic parameters of 

irreversible thermal stability (ΔH*, ΔG*, ΔS*) of parent BGLs were calculated and are 

presented in Table-3.28. All the three forms showed a high temperature inactivation trend. 
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Ca2+- and Mn2+- bound parent BGLs showed higher thermo-stability at all tested 

temperatures as compared to apo-BGL (Table-3.28), however, the thermo-stabilization effect 

of Mn2+ was more promising than Ca2+. 

 

Table-3.27:  Dixon kinetic constants for activation/inhibition of cellobiose hydrolysis by 

A. niger parent and mutant BGL in the presence of Ca2+ and Mn2+ at 65 C, 

pH 5.0. 

Metals Mechanism Kinetic constants Parent (P) Mutant (M-6) 

C
a2+

  ac
ti

va
ti

on
  c

on
st

an
ts

 

If Ca2+ bind 1st as 
ligand 

Ks
A (mM Ca2+) 0.07 0.08 

Km
A (mM Ca2+) 0.25 0.35 

Vmax (U mg-1 

protein) 
21,277 8,197 

k (s-1) 27,65,957 10,65,574 

If Cellobiose bind 
1st as ligand 

Ks
S (mM 

cellobiose) 
4.00 3.13 

Km
S (mM 

cellobiose) 
1.30 1.67 

Vmax΄ (U mg-1 

protein) 
364 307 

k΄ (s-1) 47,307 39,926 

M
n

2+
  

in
h

ib
it

io
n

  

co
n

st
an

ts
 If Mn2+ bind 1st Ki (mM Mn2+) 0.11 0.22 

If Cellobiose bind 
1st Ki΄(mM Mn2+) 0.018 0.1 

Where: k and k′ are Vmax/[e].  

 

 



Chapter 03                                                                      Results 
 

 154

 

 

 

Fig-3.103:  Pseudo-first order plots for the determination of effect of metal ions on irreversible thermal 
stability of parent A. niger BGL. (A) apo (B) Ca2+-bound and (C) Mn2+-bound BGLs. Data 
presented are average of n = 3 experiments. 
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Fig-3.104:  Arrhenius plot for the determination of activation energy for irreversible thermal inactivation of 
parent A. niger BGL in the absence and presence of 10 mM Ca2+ and Mn2+.  

 
 
Table-3.28:  Kinetics and thermodynamics of irreversible thermo-stability of apo, 

Ca2+- and Mn2+-bound BGLs from parent A. niger. 

 

BGL 
Temp 

°C 
Temp 

(K) 
Kd 

(min-1) 
t1/2 

(min) 
ΔH* 

(kJ mol-1) 
ΔG* 

(kJ mol-1) 
ΔS* 

(J mol-1 K
-1

) 

A
p

o-
P

ar
en

t 61 334 0.0108 64 290.21 106.06 551.35 

64 337 0.0401 17 290.18 103.36 554.37 

67 340 0.0908 8 290.16 102.00 553.42 

70 343 0.1410 5 290.13 101.67 549.47 

C
a2

+
-b

ou
n

d
 61 334 0.0055 126 247.97 107.93 419.28 

64 337 0.0180 39 247.95 105.61 422.38 

67 340 0.0354 20 247.92 104.66 421.37 

70 343 0.0501 14 247.90 104.62 417.73 

M
n

2+
-b

ou
n

d
 61 334 0.0030 231 184.12 109.62 223.07 

64 337 0.0063 110 184.10 108.55 224.19 

67 340 0.0091 76 184.07 108.50 222.28 

70 343 0.0165 42 184.05 107.78 222.34 

Kd (first order rate constant of inactivation), t½ (half-life) = 0.693/Kd. Ea(d) of apo, Ca2+- and Mn2+- bound BGLs  
from parent A. niger was 293, 251 and 187  kJ mol-1, respectively and was calculated from Fig-3.104. ∆H*, ∆G* 
and ∆S* were calculated by applying eq. # 14, 15 and 16, respectively. 
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The energy of activation for irreversible thermal inactivation (Ea(d)) of apo, Ca2+- and 

Mn2+-bound mutant BGLs was 323, 302 and 269 kJ mol-1, respectively, which was 

determined by applying Arrhenius plot (Fig-3.106). The half life (t½) and thermodynamic 

parameters of irreversible thermal stability (ΔH*, ΔG*, ΔS*) of mutant BGLs were also 

calculated and are presented in Table-3.29. All the three forms also showed a high 

temperature inactivation trend like parent BGL. Ca2+- and Mn2+- bound parent BGLs showed 

higher thermo-stability at all tested temperatures as compared to apo-BGL (Table-3.28), 

however, the thermo-stabilization effect of Mn2+ was more promising than Ca2+. 

 

Table-3.29:  Kinetics and thermodynamics of irreversible thermo-stability of apo, 

Ca2+- and Mn2+-bound BGLs from mutant A. niger. 

 

BGL 
Temp 

°C 

Temp 

(K) 

Kd 

(min-1) 

t1/2 

(min) 

ΔH* 

(kJ mol-1) 

ΔG* 

(kJ mol-1) 

ΔS* 

(J mol-1 K
-1

) 

A
p

o-
M

u
ta

n
t 

61 334 0.0076 91 320.64 107.03 639.53

64 337 0.0317 22 320.61 104.02 642.71

67 340 0.0882 8 320.59 102.08 642.68

70 343 0.1231 6 320.56 102.05 637.06

C
a2

+
-b

ou
n

d
 

61 334 0.0030 230 299.69 109.60 569.13

64 337 0.0124 56 299.66 106.65 572.74

67 340 0.0299 23 299.64 105.14 572.06

70 343 0.0422 16 299.61 105.11 567.07

M
n

2+
-b

ou
n

d
 

61 334 0.0028 249 266.01 109.83 467.63

64 337 0.0070 100 265.99 108.27 468.01

67 340 0.0110 63 265.96 107.97 464.69

70 343 0.0333 21 265.94 105.78 466.93

Kd (first order rate constant of inactivation), t½ (half-life) = 0.693/Kd. Ea(d) of apo, Ca2+- and Mn2+- bound BGLs  
from mutant  A. niger was 323, 302 and 269  kJ mol-1, respectively and was calculated from Fig-3.106. ∆H*, 
∆G* and ∆S* were calculated by applying eq. # 14, 15 and 16, respectively. 
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Fig-3.105:  Pseudo-first order plots for the determination of effect of metal ions on irreversible thermal 
 stability of mutant A. niger BGL at various temperatures. (A) apo (B) Ca2+-bound and (C) Mn2+-
 bound BGLs. Data presented are average of n = 3 experiments. 
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Fig-3.106:  Arrhenius plot for the determination of activation energy for irreversible thermal inactivation of 
mutant A. niger BGL in the absence and presence of 10 mM Ca2+ and Mn2+.  

 
 

3.14. Immobilization of BGL on polymeric materials and characterization of free and 

 immobilized enzyme 

 This study was partly performed in Nano-Biotechnology Laboratory at Biotechnology 

Institute, University of Minnesota, USA. Due to limitation in transportation of microbial 

strains to USA, the current part of study was carried out on β-glucosidase (BGL) from 

Aspergillus niger (Novozyme-188, Sigma, USA cat # C6105). After partial purification of 

BGL through ultra-filtration it was mixed with the polymeric mixtures (polyurethane, latex or 

silicone) and coated on the fibers of 2 × 2 cm2 sponge pieces as described in materials and 

methods. 

3.14.1. Entrapment efficiency and apparent activity  

 The comparison of latex, silicone and polyurethane as BGL immobilizing matrices 

were carried out (Table3-30). Latex found to be better material showing highest apparent and 

relative activity than other two materials. However, the entrapment efficiency was highest for 

silicone than other two materials. Therefore, these two materials (latex and silicone) were 

selected for further detailed characterization. 
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Table-3.30:  Comparison of macro-porous polymers of latex, silicone and 
polyurethane as immobilization matrices. 

 

Polymer 
matrix 

Immobilized  
protein  

(mg) 

Entrapment 
efficiency 

(%) 

Protein 
immobilized 

g-1 of 
polymer (mg 

g-1) 

Specific 
activity 
(U mg-1 
protein) 

Apparent 
activity  
(U g-1 

polymer) 

Relative 
activity 

(%) 

Latex 1.15 63 2.03 42 90 42 

Silicone 1.86 93 2.63 19 56 19 

Poly-

urethane 
1.49 74 1.79 12 21 12 

Where, entrapment efficiency, apparent activity and relative activity were calculated by using eq. # 20, 21 and 
22, respectively. Specific activity of free enzyme was 100 U mg-1 protein. 

 

3.14.2. Effect of enzyme concentration on apparent activity 

 In order to optimize the concentration of BGL enzyme for highest apparent activity, 

various concentrations (0.1-4 mg) of the BGL enzyme was immobilized within latex and 

silicone polymers. Enzyme concentration above 2 mg became precipitate in latex emulsion. 

While, in silicone, the matrix became saturated with 2 mg enzyme concentration and no 

increase in apparent activity above this concentration was observed (Fig-3.107). Therefore, 2 

mg enzyme concentration was used for further immobilization experiments and 

characterization.  

 

Fig-3.107:  Apparent activity of various concentrations of immobilized BGL on latex and silicone. Latex 
immobilized BGL (○) and silicone immobilized BGL (●). Data presented are average of n = 3 
experiments. 

 

0.1 0.5 1.0 2.0 4.0

Protein Concentration (mg)

0

20

40

60

80

100

120

A
p

p
ar

en
t 

ac
ti

vi
ty

 (
U

 g
-1

 p
ol

ym
er

)



Chapter 03                                                                      Results 
 

 160

3.14.3. Effect of temperature 

 The temperature optimum for free, latex and silicone immobilized BGL was 60, 70 

and 65 °C, respectively (Fig-3.108). The entrapment in the latex and silicone made the BGL 

more stable since the immobilized BGL exhibited maximum activity at higher temperatures 

than the free enzyme. However, the immobilization increased the activation energy of free 

enzyme (33 kJ mol-1) for cellobiose hydrolysis to 44 and 66 kJ mol-1 for latex and silicone 

immobilized, respectively (Fig-3.109). 

 

Fig-3.108:  Determination of optimum temperature for free (○), latex immobilized (●) and silicone 
immobilized (▲) BGL from A. niger. Data presented are average values  SD of n = 3 
experiments.  

 
 

Fig-3.109:  Arrhenius plot for the determination of activation energy for cellobiose hydrolysis by free (○), 
latex immobilized (●) and silicone immobilized (▲) BGL from A. niger. Data presented are 
average of n = 3 experiments.  

35 40 45 50 55 60 65 70 75 80

Temperature (°C)

0

20

40

60

80

100

b
et

a-
gl

u
co

si
d

as
e 

(U
 m

g
-1

 p
ro

te
in

)

2.80 2.90 3.00 3.10 3.20 3.30

1000/T(K)

1

2

3

4

5

6

ln
 b

et
a-

gl
u

co
si

d
as

e 
ac

ti
vi

ty



Chapter 03                                                                      Results 
 

 161

3.14.4. Irreversible thermal inactivation 

The free, latex and silicone immobilized A. niger BGL were heated at temperatures 

ranging from 40-60 C as described in materials and methods. Pseudo-first order plots were 

applied to determine the rate of irreversible thermal inactivation (Fig-3.110). The energy of 

activation for irreversible thermal inactivation (Ea(d)) of free, latex and silicone immobilized 

A. niger BGL was 88, 94 and 92 kJ mol-1, respectively which was determined by applying 

Arrhenius plot (Fig-3.111). The half life (t½) and thermodynamic parameters of irreversible 

thermal stability (ΔH*, ΔG*, ΔS*) were calculated and are presented in Table-3.31. 

Immobilization of BGL by entrapment in latex polymer resulted in thermo-stabilization of the 

free enzyme indicated by increased half life, ΔH* and ΔG* than the free BGL (Table-3.31). 

Immobilization in silicone polymer only resulted in thermal-stabilization of the free enzyme 

at 50 C, while at lower or higher temperature no significant difference in stability than free 

enzyme was observed.  

Table-3.31:  Kinetics and thermodynamics of irreversible thermo-stability of free, 

latex and silicone immobilized A. niger BGL. 

Polymer 
Temp 

°C 
Temp 

(K) 
Kd 

(min-1) 
t1/2 

(min) 
ΔH* 

(kJ mol-1) 
ΔG* 

(kJ mol-1) 
ΔS* 

(J mol-1 K
-1

) 

F
re

e 

40 313 0.00032 2187 85.03 108.40 -74.68 

50 323 0.00112 621 84.94 108.57 -73.14 

60 333 0.00238 292 84.86 109.93 -75.27 

L
at

ex
  

40 313 0.00023 3081 91.01 109.30 -58.41 

50 323 0.00059 1171 90.93 110.27 -59.89 

60 333 0.00191 363 90.85 110.53 -59.11 

S
il

ic
on

e 

40 313 0.00041 1699 88.93 107.75 -60.10 

50 323 0.00056 1242 88.85 110.43 -66.81 

60 333 0.00328 212 88.77 109.04 -60.86 

Where: Kd (first order rate constant of inactivation), t½ (half-life) = 0.693/Kd. Ea(d) of free, latex and silicone 
immobilized A. niger BGL was 88, 94 and 92 kJ mol-1, respectively and was calculated from Fig-3.111. ∆H*, 
∆G* and ∆S* were calculated by applying eq. # 14, 15 and 16, respectively. 
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Fig-3.110:  Pseudo-first order plots for the determination of effect of immobilization on irreversible thermal 
 stability of A. niger BGL at various temperatures. (A) Free enzyme (B) Latex immobilized and (C) 
 Silicone immobilized. Data presented are average of n = 3 experiments. 
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Fig-3.111:  Arrhenius plot for the determination of activation energy for irreversible thermal inactivation of 

free, latex and silicone immobilized A. niger BGL. 

 

 

3.14.5. Hydrolysis of cellulosic substrates 

 The hydrolysis of Whatman filter paper (FP), carboxymethyl cellulose (CMC) and 

methyl cellulose (MC) by Carezyme 1000L (a cellulase) in the presence of free and 

immobilized β-glucosidase (latex and silicone) is shown in Figure-3.112. Data for hydrolysis 

in the absence of any added β-glucosidase is also included. The results showed that the 

immobilized BGL significantly increased the hydrolysis rate for all the three substrates 

tested. The hydrolysis observed in the absence of any exogenously added BGL was due to 

endogenous presence of BGL enzymes in the crude commercial preparation of Carezyme 

1000L. Highest hydrolysis was observed for FP (Fig-3.112A), which is a natural substrate for 

cellulase enzymes as compared to modified CMC or MC substrates. Latex immobilized BGL 

hydrolyzed the cellulosic substrates at higher rate than silicone immobilized BGL. 
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Fig-3.112:  Effect of A. niger free and immobilized BGLs on the hydrolysis of Whatman filter paper, 
 carboxymethyl cellulose and methyl cellulose. (A) Whatman filter paper hydrolysis (B) 
 carboxymethyl cellulose hydrolysis and (C) methyl cellulose hydrolysis. Data presented are 
 average values  SD of n = 3 experiments. 
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3.14.6. Functional stability and reusability 

 The immobilized BGL (latex and silicone) was repeatedly used to determine its 

functional stability and reusability for the hydrolysis of Whatman filter paper (FP) at 40 °C 

(Fig-3.113). After 10th cycle of hydrolysis, 70 and 75 % residual activity of latex and silicone 

immobilized BGL was observed. The enzyme remained entrap in the silicone polymer and no 

leakage/release of enzyme was observed in the solution. However, in case of latex 

immobilized BGL, leakage was observed after each cycle. Thus, silicone proved to be a more 

resistant polymer to enzyme leakage with less apparent activity than latex polymer.  

 

Fig-3.113:  Functional stability of immobilized BGL (latex and silicone) during the hydrolysis of Whatman 
 filter paper. Data presented are average values  SD of n = 3 experiments. 
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Fig-3.114: Inverted confocal microscopic images of cured latex and silicone coatings on fibers of sponge
 pieces, with entrapped BGL (dyed with 0.1% w/v fluorescein for demonstration). 
 
 

 

Fig-3.115:  Scanning electron micrograph of cured latex and silicone coatings on fibers of sponge 
 pieces, with entrapped BGL (coated with palladium-gold alloy for imaging). 
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 Cellulose represents a major source of fermentable sugars in lignocellulosic biomass 

and a combined action of three different enzymes (endoglucanases, exoglucanases and β-

glucosidases) is required to effectively convert cellulose to glucose. However, untreated 

lignocellulosic biomass is naturally very recalcitrant to enzymatic hydrolysis, and 

consequently, a substantial amount of enzyme would be required for efficient conversion into 

fermentable sugars. Unfortunately, the current combined costs of hydrolytic enzymes and 

pretreatment processes reduce the ideal efficiency of biofuel production from cellulose, 

making the entire process two to three fold higher in price than production from maize grain 

starch (Harris and DeBolt, 2010). Thus, a significant progress has been made to decrease this 

cost either by finding better sources of these enzymes or by modifying these enzymes to 

improve the catalytic and stability characteristics which can withstand the robust industrial 

environment and to cope with the current industrial demand. In this context the present study 

was carried out to mutate the A. niger through exposure to highly ionizable gamma rays for 

higher β-glucosidase (BGL) production and to determine the effect of these rays on the 

kinetics and thermodynamics of cell mass formation and BGL production. The bgl gene from 

mutant A. niger was also expressed in methylotrophic yeast, Pichia pastoris. The purified 

BGLs were characterized for their kinetics and thermodynamics. Moreover, the effects of 

metal ions and immobilization on the catalytic and thermodynamic characteristics were also 

evaluated. 

4.1. Improvement of A. niger for hyperproduction of BGL 

 Microbes produce secondary metabolites as a matter of survival but in industry a high 

titer is usually a desired goal. To accomplish this goal, mutagenesis followed by selection on 

2-deoxy-D-glucose (2DOG) has been widely used to isolate repression resistant mutants 

(Bokhari et al., 2008; Demain and Adrio, 2008). The principle of using such toxic metabolite 

analogs is that the resistant mutants often possess enzymes that are insensitive to feedback 

inhibition, or enzyme forming systems resistant to feedback repression (Parekh et al., 2000; 

Demain and Adrio, 2008). Alteration in cell wall synthesis, protein synthesis or cell 

membrane permeability is also a common mechanism of resistance to analogues resulting in 

increased product accumulation in the medium presumably through increased rate of product 
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export from the cell (Ghorai et al., 2010). The mutations in regions linked to the control of 

genes cre A, aceI and ace2 (transcriptional repressor of genes involved in metabolic 

processes other than glucose) may be a way to gain variant fungi with enhanced cellulase 

secretion (Bokhari et al., 2008). The A. niger conidial suspension, when exposed to 0.9 kGray 

gave more than 3 log kill (99.9%) and resulted in the BGL hyper-producer mutants (Table-

3.1 and 3.2). This killing rate has also been suggested by many workers for the selection of 

improved mutants for industrially important enzymes (Rajoka and Yasmeen, 2005; Demain 

and Adrio, 2008). One of the derivative mutant (M-6), produced larger black zone on esculin 

and ferric ammonium citrate medium and showed growth even on 2% (w/v) 2DOG, despite 

the cytotoxic effects of 2DOG on germinating conidia (Dillon et al., 2006). This observed 

effect may be due to one of three types of genetic variations: an altered transport system 

resulting in reduced permeability for 2DOG, a low catabolite repression by 2DOG or an 

increase in 2DOG metabolizing efficiency within the mutant M-6 (Dillon et al., 2006; 

Bokhari et al., 2008). Another reason is that the 2-deoxy-D-glucose is a toxic glucose analog, 

which, when incorporated into a suitable medium containing cellulose, causes catabolite 

repression of non-mutant strains, allowing only mutated strains resistant to this form of 

suppression to form colonies (Dillon et al., 2006). 

4.2. Kinetics and thermodynamics of BGL production 

 Microbial production of enzymes through submerged fermentation (SmF) is easier to 

handle and the growth parameters can be closely monitored as compare to solid state 

fermentation (Daroit et al., 2007; Javed et al., 2009). Since any biotechnological process is 

likely to be based on crude enzymes preparations, it is necessary to improve their activities in 

the culture supernatants by selecting the best carbon source and optimizing the growth 

conditions (Gao et al., 2008). 

The cost of substrate has a significant role in the economics of enzyme production. 

The utilization of agro-industrial wastes as potential substrates for the production of BGL and 

other enzymes, including cellulases, hemicellulases and pectinases, has attracted much 

attention because it reduces the cost of enzyme production and also reduces environmental 

pollution (Daroit et al., 2007). Wheat bran is a cheap, abundant and easily available 

lignocellulosic biomass. It is a complex mixture rich in proteins, carbohydrates, minerals, fat 

and vitamin B (Leite et al., 2008). Wheat bran was used along with other carbon sources for 

BGL production. Glucose generally represses the production of BGL and also acts as its 

strong inhibitor. Therefore, from industrial view point, the microbes having low end product 

inhibition or showing high constitutive production of the enzyme are significantly important. 
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The γ-rays mediated mutagenesis of A. niger strain resulted in BGL hyper-producer 

mutant (M-6) with 2.5 fold increase in the constitutive production of the BGL enzyme as 

compared to control, when grown on glucose as a carbon source (Javed et al., 2011). This 

observed effect is due to catabolite repression resistance, conferred to some extent by 

mutation and significantly enhanced secretion of the enzyme in the medium. The highest 

specific growth rate, µ (0.0925 h-1) of mutant was also observed when glucose was used as a 

carbon source; however, on wheat bran the specific growth rate was also comparable (Table-

3.3). Torres et al., (1998) has reported 0.134 h-1 as specific growth rate of A. niger-10 on 3% 

(w/v) glucose at 35 °C in 40 h of growth. Since the enzyme production ability of A. niger for 

BGL reaches its peak level during the stationary phase of growth (Sohail et al., 2009), 

therefore comparison of growth parameters for optimum BGL production up till stationary 

phase of growth is more practical.    

 The other kinetic growth parameters i.e. biomass doubling time (td), product yield 

coefficient with respect to cell mass (Yp/x) and specific rate of product formation (qp) for the 

BGL production also confirmed that, among the inductive substrates, wheat bran was the 

best. Bokhari et al., (2008) had reported a constitutive production of 390 and 3900 U L-1 of 

BGL from parent and mutated strains of Humicola lanuginosa. Although, in the current study 

the constitutive increase in enzyme production of mutant M-6 as compared to the wild strain 

is not as high as reported by Bokhari et al., (2008), the wild strain itself is an efficient 

producer of BGL (5900 U L-1), so an increase of approximately 2.5 fold in this case is quite 

significant (Javed et al., 2011).  

 Incubation temperature is a very critical parameter and a slight change in it, 

sometimes affects the enzyme production considerably. The growth of A. niger parent and its 

mutant derivative (M-6) on wheat bran was strongly affected by temperature. The strains 

showed a reasonable amount of BGL production at a temperature range of 27-33 °C. At 

higher temperatures (above 36 °C) the enzyme secretion was very low, while the optimum 

temperature for biomass and BGL biosynthesis for both strains was 30 °C. With the increase 

in incubation temperature up to 33 °C, an increasing trend in specific growth rate and specific 

rate of product formation was observed (Table-3.4). The enzyme production and the growth 

kinetic parameters of A. niger mutant (M-6) were also higher than those of its parent, which 

again confirmed that the mutant was hyper-producer of BGL. Sohail et al., (2009) has 

reported 25 °C as an optimum temperature for highest levels of BGL production from A. 

niger MS82 with a slight reduction in production rate at 30 °C and 35 °C, whereas some 

other researchers have reported 30-35 °C as an optimum temperature range for growth of A. 
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niger strains (Torres et al., 1998; Ellaiah et al., 2002; Rajoka and Yasmeen, 2005; Sharma et 

al., 2008; Awan et al., 2011). 

 The deleterious effects of high temperatures were considered to be due to enzyme and 

ribosomal denaturation and problems associated with the membrane fluidity (Bokhari et al., 

2008), while low temperature may not permit the flow of nutrients across the cell membrane 

resulting in high demand for maintenance energy. When the organism is allowed to grow at a 

temperature higher than that of its optimum one, unfolding of the metabolic network enzymes 

is resulted in two steps, as shown below: 

N↔U*→I 

Where N are the native enzymes, U* are unfolded enzymes that can be reversely refolded on 

cooling and I are the inactivated enzymes that cannot be recovered on cooling due to 

prolonged exposure to heat. This thermal denaturation is accompanied by the disruption of 

non-covalent linkages including hydrophobic interactions with the increase in enthalpy of 

activation, while the opening of the enzyme structures is accompanied by an increase in 

disorder, randomness or entropy. 

The activation energy Ea(x) for cell mass formation of the mutant strain was 

significantly reduced to 8.48 kJ mol-1 as compared to parent (22.86 kJ mol-1). Hence, the 

mutant strain required low energy for cell mass formation, therefore, proved to be a faster 

growing strain. Similarly, the activation energy for product formation (Ea(p)) of mutant was 

lower (89.29 kJ mol-1) than the parental strain (107.08 kJ mol-1). As enzymes speed up the 

reactions by lowering down the energy of activation, the same principle can be applied on the 

microbial cells for enzyme production (Monod, 1942). The low Ea(p) of mutant A. niger 

confirmed that it is better producer of BGL as compared to the parent strain (Javed et al., 

2011). The low energy of activation (Ea) requirements for growth and product formation in 

case of mutant is also considered to be indices of thermostable enzymes (Adams and Kelly, 

1998). Both parent and the mutant A. niger required much lower activation energies for cell 

growth and BGL production than reported for cell growth (78.59 and 46.56  kJ mol-1) and 

BGL production (171.94 and 143.59  kJ mol-1) of Humicola lanuginose wild and mutant 

cells, respectively, (Bokhari et al., 2008) as well as other mesophilic organisms (138.9-177 kJ 

mol-1). The reported values in the current study are even lower than (152 and 91 kJ mol-1 for 

parent and mutant cells, respectively) of A. niger NIAB 280 for α–galactosidase production 

(Rajoka et al., 2009). The temperature quotient (Q10 factor) for cell mass formation and BGL 

production by mutant strain was lower than parent A. niger. Q10 values of 2-30 for 

filamentous fungi are common in literature (Papagianni, 2004). 
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 In the absence of pH control, the optimal kinetic parameters of both strains were 

achieved in the initial pH range of 4-6, while pH 5 was the best for BGL production (qp= 146 

and 254 U g-1 h-1 for parent and mutant, respectively). However, the mutant performed better 

than parent strain at all studied pHs (Table-3.5). Optimum pH is very important for the 

growth and metabolic activities of the microbes because metabolic activities are very 

sensitive to the change in pH. The optimum pH for BGL production by the parent and mutant 

A. niger was different from those reported for Humicola lanuginose (Bokhari et al., 2008), 

Monascus purpureus (Daroit et al., 2007), Aspergillus terreus M11 (Gao et al., 2008) and A. 

niger MS82 (Sohail et al., 2009). 

 An inoculum level of 0.184 mg wet cells ml-1 of medium (10% v/v) was found to be 

optimum for BGL production by the both A. niger strains (Table-3.6). A lower level of BGL 

production was observed when higher or lower inoculum level than optimal was used. Ellaiah 

et al., (2002) had also reported the inoculum level of 10% v/v for optimum production of 

glucoamylase from Aspergillus sp. A3, while Bhatti et al., (2007b) had reported 15% as an 

optimum inoculum level for optimum glucoamylase production from Fusarium solani. Awan 

et al., (2011) had reported the 2.5×106 ml-1 conidial suspension (3 ml) as inoculum level for 

optimum α- and β–galactosidases production on wheat bran-corn steep liquor medium by A. 

niger NIAB 280. The provision of optimum inoculum size is essential because low inoculum 

density may give insufficient biomass causing reduced product formation and require more 

time for fermenting the substrate. Conversely, higher inoculum may deplete substrate for the 

nutrients necessary for product formation because of excessive biomass synthesis (Sharma et 

al., 2008). 

 With the increase in substrate concentrations up to 3% w/v, all the kinetic parameters 

showed an increasing trend for BGL production from both strains, however, after that, the 

BGL production was lowered (Table-3.7). The mutant performed better on all concentrations 

than did the parent. The declining trend at higher concentrations may be due to the increased 

viscosity of the medium and reduced aeration (Ellaiah et al., 2002; Sharma et al., 2008). The 

maximum specific rate of cell mass formation (µm) of both strains was almost same, whereas 

the substrate saturation constant (Ks(x)) to achieve µm of parent was slightly lower than the 

mutant. On the other hand, the maximum specific rate of product formation (qpmax) of the 

mutant was about two fold higher than the parent A. niger, while the substrate saturation 

constant (Ks(p)) was the same for both strains (Javed et al., 2011). 
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 The spontaneous occurrence of a reaction or process can be best determined from its 

change in free energy (ΔG*). Lower the ΔG* value, the more likely is the reaction to take 

place. The ΔG*(x) for cell mass formation of the mutant was slightly lower than that of parent 

strain, which means the rate of cell mass formation of mutant was higher. This result was also 

supported by the enthalpy change ΔH*(x). Very low ΔH*(x) of the mutant A. niger confirmed 

that the mutant strain was more active in biomass formation. 

Thermodynamics of BGL production by mutant A. niger [ΔG*(p) and ΔH*(p)] were 

also very low as compared to the parental strain (Table-3.8). The lower change in enthalpy 

and Gibbs free energy values again confirmed that the mutant required small amount of 

energy for the BGL production, hence, confirmed that it was hyper producing strain. The 

ΔS*(x) and ΔS*(p) for cell mass and BGL production also supported the behavior. These 

thermodynamic growth parameters in SmF of the mutant were even lower than reported for 

thermotolerant Kluveromyces marxianus, Humicola lanuginosa (Bokhari et al., 2008) and A. 

niger NIAB 280 (Rajoka et al., 2009). Awan et al., (2009) had also reported change in 

enthalpy (21.6 and 19.1 kJ mol-1) and entropy (-134.3 and -138.4 J mol-1 K-1) of parent and 

mutant A. niger, respectively for α–galactosidase production in solid state fermentation using 

wheat bran supplemented with glucose as carbon source and corn steep liquor as a nitrogen 

source. Low magnitudes of activation energy, enthalpy, Gibbs free energy and entropy for 

product formation are considered to be indices for thermostability of metabolic pathway 

(Rajoka et al., 2009). Therefore, we suggest that the mutation had significant effect in 

thermo-stabilization of the metabolic network of mutant (M-6) during BGL production 

(Javed et al., 2011), which might be due to either formation of chaperons or hyper-

glycosylation of enzymes of the production metabolic network as reported earlier (Aiba et al., 

1973). 

4.3. Gene sequence and structure prediction of BGL  

 The amplification of full length bgl gene from parent and mutant A. niger resulted in 

an amplicon size of 2,949 bp with open reading frame encoding a protein of 860 amino acids. 

The analysis of nucleotide and amino acid sequences revealed that the BGL enzyme belongs 

to family 3 of glycoside hydrolases and has retaining type of catalytic mechanism (Cantarel et 

al., 2009). Similar structure of bgl gene (7 exons intercepted by 6 introns) had been found in 

A. niger (Dan et al., 2000), Aspergillus kawachii (Iwashita et al., 1999), Aspergillus 

aculeatus (Kawaguchi et al., 1996) and Talaromyces emersonii (Murray et al., 2004). 

 The transitional mutations found within the mutant A. niger BGL sequence are might 

be due to tautomerization reactions (Sabin and Brandas, 2006) induced by gamma radiations. 
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Since the change of mutation spectrum is a result from the repair of the damaged base or base 

pair by the DNA repair system of the cell, the precision and/or the difference of repair 

systems could reflect mutation spectrum. As the mutant selection was based on several 

parameters, such as growth rate under SmF and enhanced BGL production, it seems that the 

mutants with severely deleted mutations might be excluded. The similar type of mutation 

spectrum in manganese peroxidase gene in Pleurotus ostrreatus (Chang et al., 2003) and in 

lambda phage and prophage DNA (Tindall et al., 1988) induced by gamma rays was 

reported. 

 Overlapped predicted structures of BGLs from parent and mutant A. niger (Fig-3.36) 

showed considerable variation. So far, only six crystal structures of family 3 enzymes from 

different domains of life with variable structural domains [the two-domain β-glucan 

exohydrolase (E.C. 3.2.1.58, 605 amino acids) from barley plant (Hordeum vulgare); one 

domain β-hexosaminidase (E.C. 3.2.1.52, 341 amino acids) from bacterium Vibrio cholera; 

two domain β-hexosaminidase (E.C. 3.2.1.52, 642 amino acids) from bacterium Bacillus 

subtilis; two domain exo-1,3/1,4-β-glucanase (E.C. 3.2.1.-, 822 amino acids) from bacterium 

Pseudoalteromonas sp. BB1; an intracellular BGL (E.C. 3.2.1.21, 845 amino acids) from 

yeast Kluyveromyces marxianus additionally having unique PA14 domain and three domain 

thermostable BGL (E.C. 3.2.1.21, 721 amino acids) from bacterium Thermotoga 

neapolitana], that vary considerably with respect to molecular size and phylogenetics (Pozzo 

et al., 2010; Yoshida et al., 2010), have been determined. Out of these available structures 

only two (Kluyveromyces marxianus and Thermotoga neapolitana BGL) has same E.C. 

classification as that of A. niger BGL, while these BGL enzymes have very low sequence 

similarities (22% and 28%, respectively) with A. niger BGL. For accurate three dimensional 

structure prediction through homology modeling, at least 4-5 experimentally determined 

structures of related enzymes with more than 30% sequence homology with enzyme being 

predicted, is required. Out of all available structures, Thermotoga neapolitana BGL has the 

maximum homology (28%) with A. niger BGL, therefore, was used as a template. The 

predicted structure can give some insight into the A. niger BGL, however, due to low 

homology than required, it was not possible to predict the A. niger BGL structure with high 

accuracy. 

 Through structure analysis, it was very difficult to predict which mutation has 

significantly affected the catalytic efficiency of the enzyme due to above stated limitations. 

Additionally, although the nucleophilic catalytic residue Asp-261 (D261, numbering without 

signal peptide), within the VMSDW sequence of A. niger BGL (Fig-3.37) is conserved within 
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the enzymes of family 3, it was impossible to locate the acid/base catalytic residue based on 

sequence homology due to low sequence conservation (Dan et al., 2000; Parry et al., 2001; 

Chir et al., 2002; Li et al., 2002; Murray et al., 2004; Pozzo et al., 2010; Yoshida et al., 

2010) and also due to un-availability of experimentally determined acid/base catalytic residue 

for A. niger BGL. The absolute conservation of catalytic nucleophile, is consistent with its 

key role in forming the covalent glycosyl-enzyme intermediate, stabilizing the oxocarbenium 

ion-like transition state, modulating the ionization state of the acid/base catalytic residue and 

forming a strong hydrogen bond to the sugar 2-hydroxy group at the transition state (Dan et 

al., 2000; Parry et al., 2001). It is very likely that different sub-families may have unique 

general acid/base catalysts. This argument can only be evaluated through studies on enzymes 

from both the same and different sub-families (Li et al., 2002; Turner et al., 2007). Apart 

from catalytic residues, a number of other important residues within the BGL sequence have 

been reported for substrate recognition/accomodation, hydrolytic and transglucosidic activity 

(Chir et al., 2002; Seidle et al., 2005; Pozzo et al., 2010; Yoshida et al., 2010). The two 

domains observed in the sequence of BGL enzymes are the characteristic feature of family 3 

BGLs (Murray et al., 2004). Generally, knowledge about the function and structure of GH3 

enzymes is less abundant, their sequence conservation is relatively low and only few enzymes 

are well characterized.  

4.4. Heterologous expression of BGL gene in Pichia pastoris 

 Enzymes of industrial importance can be expressed in fast growing microorganisms 

with low level of other contaminating proteins and toxic compounds. As a eukaryote, 

methylotrophic yeast Pichia pastoris is an efficient system for the heterologous expression of 

proteins. It possesses a number of characteristics which make it an ideal system for the 

expression of heterologous genes especially of eukaryotic origin (Cregg et al., 2000; Zhang et 

al., 2009; Mai and Thanh, 2010; Mekoo et al., 2010; Ghaffar et al., 2011). The BGL enzyme 

gene (without native signal peptide and intron-1), when expressed in P. pastoris, resulted in 

maximum rBGL activity of 23 U ml-1 (44 U mg-1 protein) after 84 h of methanol induction in 

BMMY medium (Fig-3.50), while very low level was observed in MM medium. This 

observed production level was higher than reported earlier for A. niger BGL (Dan et al., 

2000; Kamaruddin et al., 2008) and Chaetomium thermophilum BGL (Xu et al., 2011) while, 

lower than for Saccharomycopsis fibuligera BGL expressed in P. pastoris. A number of 

authors have also reported the expression of recombinant proteins only in BMMY medium 

(Berrin et al., 2002; Cairns et al., 2002; Mekoo et al., 2010; Xu et al., 2011). The yeast 

extract and peptone present in complex medium may help to stabilize secreted proteins and 
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prevent or decrease proteolysis of secreted proteins. These ingredients also act as mixed feed 

allowing better growth and biomass accumulation. This media is also buffered, which may 

have importance for the activity of the recombinant BGL. The expression was due to single 

gene copy integration (Fig-3.47) at AOX locus within Pichia genome generating His+ MutS 

phenotype. Mostly the cDNA of BGL genes have been cloned and expressed in P. pastoris, 

however, it had been shown recently that the Chaetomium thermophilum xylanase gene with 

intron expressed in P. pastoris resulted in higher production level and stability of the 

recombinant enzyme than the xylanase gene without introns (Ghaffar et al., 2011). In current 

study, the BGL gene with introns has also been expressed successfully. Although 

recombinant BGL from P. pastoris showed promising activity, the expression level of BGL 

may be further improved through optimizing codon usage, G + C content, gene dosage, 

fermentation conditions especially in fermentor (where a significant increase in expression 

level due to controlled environment for high cell density growth, methanol induction and 

oxygen level is possible than shake flasks) and pH stabilization by casamino acids (Cregg et 

al., 2000; Cairns et al., 2002; Toonkool et al., 2006). 

 P. pastoris secretes less native proteins in growth medium and produces more 

recombinant protein (Kawai et al., 2003; Charoenrat et al., 2006; Mekoo et al., 2010; Xu et 

al., 2011), depending on the strain and media used for induction. Even sometimes the 

recombinant protein is the only extra-cellulary produced protein (Dan et al., 2000; Berrin et 

al., 2002; Mai and Thanh, 2010). Since P. pastoris is also known to endogenously produce 

low levels of 70 kDa intracellular BGL (Berrin et al., 2002; Cairns et al., 2002; Turan and 

Zheng, 2005; Hong et al., 2007), appropriate controls were always used to differentiate 

between endogenous and recombinant BGL expression. The single step purification through 

superpose gel filtration chromatography resulted in purification of rBGL to apparent 

homogeneity with 16.7 fold purification. Single step purification of recombinant proteins 

from P. pastoris had also been reported earlier (Berrin et al., 2002; Xu et al., 2011). 

4.5. Purification of BGLs from A. niger 

 The crude BGLs of A. niger parent and mutant were purified to apparent 

homogeneity. The onset of BGL precipitation from parent and mutant A. niger occurred at 30 

and 20%, respectively, while complete precipitation was observed at 75% saturation of 

ammonium sulfate at 0 °C. A 30-80% saturation of ammonium sulfate at 0 °C for complete 

precipitation of BGL from A. niger strains had been reported (Rashid and Siddiqui, 1997; 

Peshin and Mathur, 1999; Rajoka et al., 2006; Qi et al., 2009). The four-step purification 

procedure resulted into 25.03 and 19.96-fold purification and final recovery was 27.24 and 
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36.64%, respectively (Table-3.11). A 46 fold purification with 28% recovery of BGL from A. 

niger NIAB 280 (Rashid and Siddiqui, 1997), 23.44 fold purification with 24.5% recovery of 

BGL from Aspergillus sp. MT-0204 (Qi et al., 2009), 17 fold purification from Cellulomonas 

biazotea NIAB 442 (Siddiqui et al., 1997a), 6 fold purification with 33% recovery of BGL 

from A. niger 322 (Peshin and Mathur, 1999), 154 fold purification from Fomitopsis palustris 

(Yoon et al., 2008), 23 fold purification from Cellulomonas biazotea NIAB 442 (Rajoka et 

al., 2004), 10.2 fold purification from Talaromyces thermophilus with 37.8% recovery 

(Nakkharat and Haltrich, 2006) and 105 fold purification from Paecilomyces thermophila 

(Yang et al., 2008) with 21.7% recovery had also been reported. On HiLoad™ anion 

exchange column, BGL enzyme from both fungal sources (parent and mutant) were eluted at 

640 mM NaCl, while on Mono-Q™ anion exchange column were eluted at 417 and 517 mM 

NaCl, respectively, showing a variation in amino acid sequence. Similar elution pattern of 

BGL from A. niger NIAB 280 had been reported (Rashid and Siddiqui, 1997).  

4.6. Physiochemical properties, kinetics and thermodynamics of BGLs 

 The purity of BGLs was apparently to homogeneity level. The native molecular mass 

of parent and mutant BGLs (252 kDa) remained unchanged. Similarly, the subunit masses of 

parent and mutant remained the same (130 kDa). Hence, it was confirmed that both BGLs i.e. 

from parent and mutant strains were dimeric in nature. The bands were also analyzed on mass 

spectrometer after tryptic digestion and the resulting spectrum also confirmed its identity as 

BGL enzyme (Fig-3.28 and 3.30). The calculated molecular masses on LC MS/MS were 

93.24 kDa and 93.27 kDa for parent (Fig-3.28) and mutant BGL (Fig-3.30), respectively. The 

difference in the calculated and experimentally determined molecular mass was might be due 

to the glycosylataion of proteins. A wide range of BGL molecular masses (30-380 kDa) from 

A. niger and other fungi (Vries and Visser, 2001; Bhatia et al., 2002; Murray et al., 2004; 

Rajoka et al., 2004; Qi et al., 2009; Elyas et al., 2010) had been reported, showing its 

ubiquitoness and evolutionary importance. It had also been reported that the number of 

isoforms and molar mass values of BGL from A. niger varies with the culture conditions and 

substrates being used (Rashid and Siddiqui, 1997). The subunit and native molecular masses 

of rBGL from P. pastoris were 120 kDa (Fig-3.51) and 224 kDa (Fig-3.55), respectively. The 

difference observed in molecular masses of mutant BGL and rBGL was might be due to 

different glycosylation system of A. niger and P. pastoris. A number of reports also stated the 

difference in the molecular masses of the recombinant protein expressed in P. pastoris than 

the native protein (Kawai et al., 2003; Toonkool et al., 2006). Dan et al., (2000) had also 
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reported the subunit molecular mass of 120 kDa for recombinant BGL of A. niger expressed 

in P. pastoris.   

 Optimum temperature of purified BGLs from parent and mutant A. niger as well as 

from P. pastoris for cellobiose hydrolysis was 65 °C. A range of temperature (25-70 °C) for 

the optimal activity of BGLs from genus Aspergillus, as well as, from other microbes had 

been reported (Rashid and Siddiqui, 1997; Jager et al., 2001; Vries and Visser, 2001; Qi et 

al., 2009; Cairns and Esen, 2010). Barrera-Islas et al., (2007) had reported 40 °C as optimum 

temperature for cellobiose hydrolysis by Cellulomonas flavigena BGL. A 50 °C for 

Stachybotrys sp. A19 BGL (Amouri and Gargouri, 2006) and 60.5 °C for mutant BGL of 

Cellulomonas biazotea NIAB 442 (Rajoka et al., 2004) had also been reported. Mekoo et al., 

(2010) had reported the 50 °C as optimum temperature for the activity of A. niger rBGL from 

P. pastoris. These observed differences could be due to amino acid sequence variations of 

BGLs produced by different strains, which may rose through evolution process resulted from 

their adaptation to different niches. Hence, making it essential to investigate the biochemical 

and biophysical properties of these enzymes (from different A. niger isolates) for their unique 

features and useful applications in different industries. 

 Arrhenius plot for energy of activation (Ea) showed that the BGLs from both A. niger 

strains and P. pastoris had a single conformation up to the transition temperature (65 °C), 

where after it showed a decline (Fig-3.58). The ES*-complex formation at optimum 

temperature (65 °C) required Ea of 50 and 42 kJ mol-1 by parent and mutant BGLs, 

respectively. The lower energy required by the mutant enzyme to make the transition-state 

complex indicated that the ES*-complex formation by mutant enzyme was more efficient. Ea 

values (46-175 kJ mol-1) for A. niger BGL had been reported earlier (Rashid and Siddiqui, 

1996; Rajoka et al., 2006; Chauve et al., 2010). An Ea 65 kJ mol-1 for intracellular BGL of 

Cellulomonas biazotea (Siddiqui et al., 1997b) and 57 kJ mol-1 for mutant BGL of 

Cellulomonas biazotea NIAB 442 (Rajoka et al., 2004) had also been reported. Hence, the 

mutant BGL was very efficient in transition complex formation as compared to the above 

mentioned BGLs from various microbes. The temperature quotient (Q10) for parent and 

mutant BGLs was 1.26 and 1.52, respectively, which explained that the rise in rate of reaction 

of mutant BGL with a rise f 10 °C in temperature was higher than the parent BGL. Therefore, 

it also indicated that the mutant BGL was more efficient. The rBGL has almost the same 

energy of activation (41 kJ mol-1) and temperature quotient (1.5) as compared to mutant 

BGL. 
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 The parent and mutant BGLs exhibited optimum activity in a pH range of 4.4-5.3 and 

4.1-5.6, with the maximum activity at pH 5.0 and 4.7, respectively. Similar types of results 

for optimal activity of BGL in the pH range 3.0-7.5 were reported by various workers from A. 

niger strains (Jager et al., 2001; Vries and Visser, 2001; Cairns and Esen, 2010; Elyas et al., 

2010). Cellulomonas flavigena PN-120 BGL had an optimum pH of 6.5 for cellobiose 

hydrolysis (Barrera-Islas et al., 2007), while pH 5 was found optimum for Stachybotrys sp. 

A19 BGL (Amouri and Gargouri, 2006). Ghorai et al., (2010) had also reported the shift of 

optimum pH and temperature of Termitomyces clypeatus BGL produced in the presence of 2-

deoxy-D-glucose due to altered or underglycosilation of the enzyme. We found a drift in pH 

optimum towards the acidic side when the temperature was lowered than optimum. The pKa1 

and pKa2 of the active site residues controlling Vmax of the parent and mutant BGLs (Table-

3.13) were different than reported earlier (Siddiqui et al., 1997b). The pKa values of both 

acidic and basic limbs showed an increasing trend with the increase in temp. The change in 

ionization constants suggested the change in ionization of amino acids which may distort the 

active site cleft and hence affect the activity of the enzyme. The ionization properties of the 

active site residues of enzymes are of considerable interest while studying the catalytic 

mechanism of enzymes. Knowledge of these ionization constants (pKa values) often allows 

the identification of electrophilic and nucleophilic catalytic residues. The heat of ionization 

for the acidic (ΔHI-AL) and basic (ΔHI-BL) limbs of parent and mutant BGLs were 56 & 41 and 

71 & 45 kJ mol-1, respectively. This is the first report regarding the heat of ionization of 

active site residues of A. niger BGL because literature survey is silent on this issue. The pKa1 

and pKa2 of C. biazotea BGL were 5.5 and 7.9, respectively, with corresponding heat of 

ionization for the acidic (ΔHI-AL = 12 kJ mol-1) and the basic (ΔHI-BL = 22kJ mol-1) limbs as 

reported (Siddiqui et al., 1997b). rBGL also exhibited the maximum activity at pH 4.7 with 

optimum activity in the pH range of 3.8-5.6 (Table-3.13). rBGL showed wider pH range than 

mutant BGL especially towards acidic side. The pKa and heat of ionization of rBGL were also 

similar to mutant BGL (Table-3.13). 

 The kinetic properties of mutant BGL were significantly improved compared to those 

of the parent BGL. Vmax and kcat values confirmed that random mutagenesis made the mutant 

BGL 1.5 fold more efficient in cellobiose hydrolysis (Table-3.14). The affinity of cellobiose 

to bind with both i.e. parent and mutant BGLs was almost same, but increase in specificity 

constant confirmed that cellobiose was more specific for the mutant BGL. A high decrease in 

Km with an overall increase in catalytic efficiency of Termitomyces clypeatus BGL produced 

in the presence of 2-deoxy-D-glucose due to altered or underglycosilation had also been 
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reported (Ghorai et al., 2010). A range of Vmax (4.8-464 U mg-1 protein), Km (0.1-15.4 mM), 

kcat (31.61-2783 s-1) and kcat/Km (68-485 s-1 mM-1 cellobiose) values for cellobiose hydrolysis 

by A. niger BGLs had been reported (Yan et al., 1998; Peshin and Mathur, 1999; Jager et al., 

2001; Rajoka et al., 2006; Bohlin et al., 2010; Chauve et al., 2010). Jeoh et al., (2005) had 

also reported the improved activity of randomly mutated Thermobifida fusca BGLs over wild 

BGL with a range of Km (0.19-1.01 mM) and kcat (1.6-111.3 s-1). The efficient kinetic 

properties of BGLs from both A. niger parent and the mutant in current study as compared to 

the reported ones, suggested their great potential for utilization in industrial processes.  

 The lower values of mutant BGL for enthalpy (ΔH*) and Gibbs free energy (ΔG*) for 

cellobiose hydrolysis than that of parent BGL (Table-3.14), suggested that 

thermodynamically the mutant BGL was better than the parental one. The feasibility and 

extent of a chemical reaction is best determined by measuring the change in enthalpy and 

Gibbs free energy (lower the values, the more feasible is the reaction). The lower ΔG* of 

mutant BGL confirmed that the conversion of its transition complex (ES*) into products was 

more spontaneous as compared to parent BGL. The entropy of the mutant BGL was also 

higher than that of parent BGL, which explained that the transition complex had higher 

disorder and hence, higher rate of product formation. The free energy for activation of 

substrate binding (ΔG*E-S) and formation of activated complex (ΔG*E-T) were also 

determined (Table-3.14), which also favored the higher rate of product formation by mutant 

BGL.  ΔH* (49.5-125 kJ mol-1), ΔG* (kJ mol-1), ΔG*E-S (-9.4 kJ mol-1), ΔG*E-T (-35 kJ mol-

1) and ΔS*(-148-65 J mol-1 K-1) values for BGL from A. niger had been reported earlier 

(Rajoka et al., 2006). ΔH* (kJ mol-1) and ΔS*(J mol-1 K-1) values of 96 and 60, 

respectively, for mutant BGL of Cellulomonas biazotea NIAB 442 (Rajoka et al., 2004) 

had also been reported. 

 Most of the kinetic and thermodynamic characteristics of rBGL from P. pastoris were 

not significantly different from mutant BGL (Table-3.14). However, the Vmax was lower than 

mutant BGL, which resulted into lower kcat and specificity constant (kcat/Km) than mutant 

BGL. Cairns et al., (2002), Kawai et al., (2003), Toonkool et al., (2006), Hong et al., (2007), 

Mai and Thanh, (2010) and Xu et al., (2011) had also reported that the rBGL expressed in P. 

pastoris has similar characteristics to its respective native enzymes. 

Potential indices of enzyme thermostability are melting temperature, half-life, 

activation energy, free energy and entropy values. Thermophilicity is the capability of 

enzymes to work at elevated temperatures in the presence of substrates, while thermostability 
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is the ability of enzyme to resist against thermal unfolding in the absence of substrate. 

Thermal inactivation of enzymes can be considered to occur in two steps as shown below: 

N↔U*→I 

“The native form (N) is converted to an unfolded form (U*), which can be reversibly refolded 

upon cooling, however can be inactivated (I) if given prolonged exposure to heat”. The 

opening up of the enzyme structure is accompanied by an increase in the disorder 

(randomness or change in entropy), while stabilization is mostly accompanied by a decrease 

in ΔH* and ΔS* (Rajoka et al., 2006). Energy of activation for irreversible thermal 

inactivation (Ea(d)) of parent and mutant BGL (Fig-3.63) were lower  than reported earlier 

(389 kJ mol-1) for native A. niger BGL (Rashid and Siddiqui, 1998). The value of ΔH* for 

mutant BGL was lower than that of parent at all tested temperatures. The lower values of 

Ea(d) and ΔH* explained that mutant enzyme required lower energy to reach at transition state 

between folded and unfolded form. Whereas, ΔG* values, as well as, half life (t½) of mutant 

BGL were relatively higher (Table-3.15). These parameters indicated that the 

thermostabilization of mutant enzyme was due to higher functional energy (free energy), 

which enabled the enzyme to resist against unfolding of its transition state. 

Thermodynamically, the enzyme molecule with high ΔG* is considered to be more stable. 

The lower value of ΔS* of mutant also confirmed that its transition state was more ordered. 

Therefore, stabilization of the enzyme was entropically driven and was also due to higher free 

energy. Improved thermal stability of the BGL enzymes by random mutagenesis and in the 

presence of a glycosylation inhibitor (2-deoxy-D-glucose) had been reported for 

Thermobifida fusca (Jeoh et al., 2005) and Termitomyces clypeatus (Ghorai et al., 2010), 

respectively. These stability parameters were comparable to reported for native and mutant 

BGL of Cellulomonas biazotea NIAB 442 (Rajoka et al., 2004), as well as, for BGL of A. 

niger NIAB 280 (Rajoka et al., 2006), while better than reported for BGL of various 

Aspergillus strains (Jager et al., 2001; Elyas et al., 2010). 

 The mutant BGL also showed a rise in kinetic stability against proteolysis by α-

chymotrypsin (Table-3.16). Rashid and Siddiqui (1996) had reported increased stability of A. 

niger BGL due to non-covalently attached polysaccharides, with 1.0×10-4 min-1  first order 

rate constant for inactivation and 115.5 h half life against 0.2 mg ml-1 chymotrypsin. 

However, in contrary, it had also been reported that the increased stability of Termitomyces 

clypeatus BGL against proteolytic digestion, produced in the presence of a glycosylation 

inhibitor (2-deoxy-D-glucose) was due to increased aggregation (Ghorai et al., 2010). In 
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another study, periodic loss and gain in A. niger BGL activity against 0.32 mg ml-1 

chymotrypsin had also been observed (Rashid and Siddiqui, 1998). 

 Urea is a strong denaturant which results in protein unfolding by pushing the inner 

hydrophobic residues outward. The refolding of proteins depends upon the degree of 

unfolding. The mutant enzyme showed greater stability against 4, 6 and 8 M urea at 30 C 

than that of parent BGL (Table-3.16). Rashid and Siddiqui (1996; 1997) had reported 1.4×10-

4 min-1 and 9.5×10-3 min-1 first order rate constants for inactivation and 82.5 h & 73 min half 

lives of A. niger BGL against 3 and 8 M urea, respectively. Furthermore, half lives of 145 

min and 2.1 h against 1.75 M and 4 M urea, of  native and  mutant BGL of Cellulomonas 

biazotea NIAB 442, respectively, had also been reported (Siddiqui et al., 1997b; Rajoka et 

al., 2004). In another study, periodic loss and gain in A. niger BGL activity against 4 M urea 

was observed (Rashid and Siddiqui, 1998). 

4.7. Effect of metals on BGL activity and stability 

 Metal binding may also be one of the factors responsible for protein stabilization. The 

interaction between protein and metal ions and their effect on structure and function is 

difficult to study. The folded state of proteins can be stabilized by metal binding, during 

which metal ions are coordinated usually by acceptance of lone pair from oxygen or nitrogen 

atoms of protein.  

 The binding of Ca2+ with A. niger apo-BGL did not change the temperature optimum 

for cellobiose hydrolysis, whereas Mn2+ above 0.06 mM concentration had detrimental effect 

and lowered the temperature optimum to 55 C as compared to 65 C of apo-BGL (Table-

3.18). The apo and metal bound BGLs showed a single conformation up to the optimum 

temperature because their Arrhenius plots were monophaisc (Fig-3.66 and 3.67). All the Ca2+ 

bound forms of BGLs required lower activation energy to reach at transition state than apo-

BGL, showing activation of the enzyme. The mutant apo-BGL required higher activation 

energy than parent apo-BGL. At lower concentrations of Ca2+, mutant BGLs required lower 

activation energy than parent BGLs while, at higher concentrations the case was reversed 

(Table-3.17). The Mn2+ showed activation trend of apo-BGL up to 0.06 mM, while at higher 

concentrations it behaved as an inhibitor with subsequent increase in activation energy for 

cellobiose hydrolysis (Table-3.18). 

Hydrogen ion concentration is a significant factor that influences the enzyme activity. 

The enzymes having a broader range of pH optimum are considered to be preferable for 

industrial applications because in industries the environment is robust. Ca2+ or Mn2+ did not 
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affect the optimum pH of the parent and mutant apo-BGLs. In the absence or presence of 

Ca2+ or Mn2+, a gradual increase in the pKa values was observed with the increase in 

temperature (Table-3.19 to 3.22). At various concentrations of Ca2+ or Mn2+, a shift in pKa 

values highlighted that the binding of Ca2+ or Mn2+ may have changed the microenvironment 

of active site of apo-BGL. The Ca2+ and Mn2+ significantly reduced the heat of ionization for 

the acidic (ΔHI-AL) and basic (ΔHI-BL) limbs of parent and mutant apo-BGLs at 0.06 and 

0.015 mM, respectively (Fig-3.96). Geiger et al., (1999) had also reported that the activity of 

BGL in the presence of metal ions was strongly influenced by pH and buffer type. BGL 

showed pH dependent inhibition in the presence of Cu2+ while its behavior was less pH 

dependent when it was incubated with Ni2+ and Zn2+.  

 The removal of metal ions from A. niger BGL did not result into the complete loss of 

enzymatic activity, showing that A. niger BGL was not metallo in nature. However, the 

decrease in Vmax of parent and mutant apo-BGLs than their respective native enzymes 

indicated that some unknown metal was bound, which was activating the enzyme activity and 

after the removal, the BGL activity was reduced. 

Ca2+ ions activated the parent and mutant A. niger BGLs at lower CaCl2 

concentrations (0.015-0.06 mM) and the maximum activation was at 0.06 mM CaCl2. The 

parent and mutant apo-BGLs showed about 10 and 2 fold activation (higher kcat), 

respectively, in the presence of 0.06 mM CaCl2. The Michaelis constant (Km) for Ca2+ bound 

BGLs was higher at all Ca2+ concentrations as compared to apo-BGL (Table-3.23). The high 

value of Km for the Ca2+ bound enzyme showed that it had lower affinity towards cellobiose 

as compared to the enzyme in the absence of calcium. Hence, Ca2+ had inhibitory effect on 

the binding of cellobiose with BGL. Furthermore, specificity constant (kcat/Km) for cellobiose 

at all concentrations of CaCl2 was decreased as compared to apo-BGL with the exception of 

0.015 and 0.09 mM CaCl2 for parent BGL, at which it was increased. It explained that 

although calcium decreased the specificity of the enzyme towards cellobiose, but the catalytic 

efficiency of the BGL was improved by the attachment of Ca2+. 

The kcat and Vmax of parent and mutant Mn2+ bound BGLs in the presence of 0.015-

0.075 mM MnCl2 was higher than their respective apo-BGLs, which showed that Mn2+ was 

also activating the enzyme activity. The maximum activation was observed at 0.015 mM 

MnCl2 (about 5 and 15 fold higher kcat of parent and mutant BGLs, respectively) than apo-

BGLs, while lower concentrations of Mn2+ than that were not having significantly different 

effect. However, with the increase in Mn2+ concentration a declining trend in kcat and Vmax 
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was observed, showing that high concentration of Mn2+ had an inhibitory effect on BGL 

activity. The Km was also increased for parent and mutant BGLs as compared to their 

respective apo-BGLs with a declining trend at higher Mn2+ concentrations. The specificity 

constant for cellobiose hydrolysis of all Mn2+ bound BGLs was also decreased (Table-3.25). 

Km and kcat of cobalt bound thermostable alkaline phosphatase from Thermus yunnanensis 

were increased by 23 fold and 15 fold, respectively as compared to wild enzyme (Gong et al., 

2005). 

The decrease in ΔH* and ∆G* for cellobiose hydrolysis in the presence of Ca2+ 

indicated efficient formation of ES*-complex. It was concluded that due to lower ΔG* values 

the conversion of ES*-complex to product become more feasible (Table-3.24). The free 

energy change for activation of transition state formation (∆G*E-T) in the presence of 0.09 

mM Ca2+ was lowest. As for as the free energy change for activation of enzyme substrate 

complex formation (∆G*E-S) is concerned it was lowest at 0.015 mM Ca2+. 

At 0.015-0.045 mM concentrations of Mn2+, the parent and mutant BGLs required 

lower ΔH* for cellobiose hydrolysis thus making the enzyme to have lower energy for ES*-

complex formation (Table-3.26). The ∆G* values were also lower at these concentrations 

than apo-BGL, however, increasing trend of ∆G* values suggested that the conversion of 

activated complex into the product was not so easy at higher Mn2+ concentrations. A decrease 

in ΔS* was observed at 0.015-0.045 mM concentrations of Mn2+.  

Metal ions may be essential for the enzyme catalyzed reactions to proceed at a 

measurable rate (essential activators) and may be considered in the same way as a substrate 

with the important provision that the activator is not altered by the reaction.  Alternatively, 

activators may act to promote a reaction, which is capable of proceeding at an appreciable 

rate in its absence (non-essential activators). Activators combining with enzyme or one of its 

complexes and enabling the reaction to proceed can be considered as a substrate that is not 

transformed in the reaction and thus the equations for two substrate reaction may be used to 

describe these effects.  Activator (A) can bind to the free enzyme or to an enzyme substrate 

complex and equilibrium or steady state conditions may be applied. The tightness of 

activator’s binding depends on pH and temperature used. Moreover, activator may combine 

with other components of the system.  

It was found that metal ions were not essential for the catalytic activity of A. niger 

BGL and Ca2+ proved to be a non-essential activator. Activation of BGL by Ca2+ followed the 
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random order kinetics. In random order kinetic mechanism, if the breakdown of tertiary 

complex in the forward direction is sufficiently slow than the substrate and activator binding 

steps to remain in equilibrium, then its kinetics can be explained by the following equation: 

  

Where, 

v = Rate of reaction 

V = Maximum velocity when the enzyme is saturated with substrate 

A = Activator 

S = Substrate 

a = activator concentration 

s = substrate concentration 

 According to Dixon and Webb, (1979) non-essential activators behave just like a 

substrate, hence various kinetic constant (Michaelis Menten constant, dissociation constant, 

Vmax) may be determined by applying reciprocal plots, which are used for two substrate 

system. The mechanism of random-order binding of activator and substrate to enzymes may 

be considered by the following schemes:  (Scheme I & II) 

 

 

 

 

 

 The dissociation constants for activator (Ks
A) and for substrate (Ks

S) to dissociate from 

their respective binary complexes i.e. EA & ES, respectively, were determined. The 

dissociation constants (Km
A and Km

S) for ternary complexes i.e. ESA and EAS were also 

determined. Furthermore, k and k′ (the kcat values), when either the activator or substrate 

binds first with the free enzyme, respectively, were also determined (Scheme-I & II). These 

 v =   
Km 

SAKs 

as

Km S 

s

V 

+ 
a 1 Km A

+ +

         ― 23



Chapter 04                                                                     Discussion 
 

 185

constants were determined from primary and secondary plots. The activation mechanism of 

A. niger BGL by Ca2+ ions was of mixed nature because if dissociation constants for the 

ternary complex are different from those for the binary complexes, both the slopes and the 

intercepts of double reciprocal plots will be altered by a change in the concentration of A and 

the activation may be termed as ‘mixed’ by analogy to mixed inhibition. In the case where 

the binding of substrates does not affect activator binding and vice versa (Ks
A = Km

A and Ks
s 

= Km
s) and the activation will be partially non-competitive, in that v will be increased by 

increasing activator concentration, whereas Ks
s will be unchanged. Various kinetic constants 

for mixed activation by activators can be determined using Table-4.1 as given by Dixon and 

Webb, (1979). 

Table-4.1: Reciprocal plots for two-substrate systems that obey equation 23. 

 

The value of Km
A for A. niger BGL was higher than that of Ks

A indicating the higher 

affinity of the free enzyme (E) towards Ca2+ as compared to ES*-complex, moreover, less 

amount of Ca2+ was required for binding with free enzyme. Similarly, lower value of Km
S as 

compared to Ks
S suggested preference of the enzyme to make Ca2+-enzyme complex first 

rather than ES*-complex. Moreover, kcat values (k and k') also confirmed that activator (Ca2+) 
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was binding first with free enzyme (more competitive activation than un-competitive) under 

substrate saturating conditions (Table-3.27).  

Many glycohydrolases are reported to be either activated or inhibited by divalent ions, 

presumably due to strong chelation by the active site carboxylates (at least in part). The BGL 

activity of Trichosporon adeninovorans and A. niger were also enhanced by calcium and 

cobalt ions, respectively. However, no significant effect of these ions on BGL from 

Aureobasidium sp. was observed (Hayashi et al., 1999). Ca2+ stimulated the activity of BGL 

B and C from A. niger A20, while Co2+ and Mg2+ stimulated BGL A. However, Hg2+ and 

iodine completely inhibited the three BGLs. On the other hand, Cu2+, Cd2+, Zn2+ and Ba2+ 

showed a moderate inhibition of the three β-glucosidases (Abdel-Naby et al., 1999). An 

extracellular BGL II from A. niger CCRC 31494 was completely inhibited by 5.0 mM Fe2+ 

while 50% of its activity was inhibited by 5.0 mM of Fe3+ and Ag+, respectively. However, 

Ca2+, Co2+, Cd2+, Mg2+, Mn2+ and Zn2+ had little or no inhibitory effect (Yan et al., 1998). 

The Aureobasidium sp. BGL was inhibited strongly by copper, silver and lead, while less by 

mercury, aluminum and iron. These elements generally combine with the functional groups 

of amino acid residues such as cysteine, tyrosine, lysine and histidine. Inhibition by these 

metal ions on A. niger BGL had also been reported (Hayashi et al., 1999). Melanocarpus sp. 

BGL was positively influenced by the presence of Na+, K+, Ca2+, Mg2+and Zn2+, while 

inhibited by CuSO4 (Kaur et al., 2007).  

The piceid-BGL activity was not significantly affected by Ca2+, Mg2+ and Zn2+ ions 

but strongly inhibited by Cu2+ ion (Zhang et al., 2007). A Daldinia eschscholzii BGL activity 

was also stimulated by Ca2+, Co2+, Mg2+, Mn2+ while strongly inhibited by Hg2+ 

(Karnchanatat et al., 2007). Contrary to that, Paecilomyces thermophila BGL was strongly 

inhibited by Hg2+ and Ag+; slightly by Ca2+; while activated by Zn2+, Fe2+, Ni2+, Co2+, Mn2+, 

Mg2+, Sr2+ and Cu2+, all at 4 mM concentration (Yang et al., 2008). Glyphodes pyloalis BGL 

was also inhibited by the addition of 40 mM CaCl2 (Ghadamyari et al., 2010). 

Exiguobacterium oxidotolerans A011 BGL had been reported to be un-effected by Na+, Ca2+, 

while Hg2+, Cu2+ and Co2+ strongly inhibited it (Chen et al., 2010). A. niger and A. oryzae 

protoplast fusant BGL reported to be inhibited by Na+, K+, Ca2+, Mg2+ (at a concentration of 

10 mM), while accelerated by Fe3+ (Zhu et al., 2010). Penicillium sclerotiorum BGL was 

significantly activated by Ba2+, K+, Fe3+ and Co2+, while inhibited by Ca2+, Mg2+ and Ag+ 

(Wei et al., 2011). 
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The Dixon dissociation constants could not be determined for Mn2+. Although Mn2+ 

was also activating the apo-BGLs from both parent and mutant A. niger (Table-3.25), but 

according to Dixon and Webb, the secondary plots can only be applied if the activation of the 

BGL goes on increasing with the increase in Mn2+ concentrations. Contrary to it, the BGLs 

showed inhibition with the increase in Mn2+ concentrations. Therefore, to evaluate the 

affinity of Mn2+ to the free and substrate bound BGL, the Dixon plots for the evaluation of 

inhibition constant were applied. 

The higher values of Ki (inhibition constant if inhibitor Mn2+ binds 1st with free 

enzyme) for both parent and mutant BGLs than Ki΄ (if inhibitor Mn2+ binds with enzyme-

substrate complex) showed that the inhibition mechanism of Mn2+ with respect to 0.015 mM 

Mn2+ concentration was of partially un-competitive nature, where Mn2+ preferably binding 

with Enzyme-Substrate complex (Table-3.27). Cellulomonas biazotea BGL was also 

inhibited by Mn2+ with apparent inhibition constants of 0.19 and 0.60 µmol l-1 for the enzyme 

and enzyme-substrate complex, respectively (Siddiqui et al., 1997b). Another A. niger BGL 

had also been reported to be inhibited by Pb2+, Hg2+, Mn2+ and Fe2+, while slightly activated 

by Co2+ (Peshin and Mathur, 1999). The activity of cold active Paenibacillus sp. C7  BGL 

had been reported to be not affected by Mg2+, Ca2+, Mn2+, K+ or Na2+ while inhibited by Cu2+ 

(Shipkowski and Brenchley, 2005). Bacillus subtilis natto BGL H was inhibited 73%, 63% 

and 43% by 1.0 mM Cd2+, Fe2+ and Cu2+, respectively, while other metal ions (Na+, Li+, 

Mn2+, Mg2+, Ca2+ and Fe3+) resulted in 0-23% inhibition (Kuo and Lee, 2008). Contrary to 

that, A. niger MT-0204 BGL was inhibited by Hg+, Cu2+, Ag2+, Co2+, Ni2+, Ba2+ and Zn2+. 

While, K+, Ca2+, Fe2+, Mg2+ and Mn2+ could activate the BGL activity (Qi et al., 2009). 

The energy of activation for irreversible thermal inactivation (Ea(d)) of parent and 

mutant apo-BGLs was about 1.2 & 1.1 fold higher than Ca2+ bound BGL and about 1.6 & 1.2 

fold higher than Mn2+ bound BGL, respectively, that indicated higher stabilization of apo-

enzyme. However, the higher ΔG* values of Ca2+ and Mn2+ bound parent and mutant BGLs 

(Table-3.28 and 3.29) as compared to apo-BGLs at all tested temperatures showed that 

although the apo-BGLs required more energy to reach the transition state, once the transition 

state is formed, Ca2+ and Mn2+ bound parent and mutant BGLs require higher energy for 

inactivation, which resulted into their thermal-stabilization as compared to apo-BGLs. The 

higher half life values of Ca2+ and Mn2+ bound parent and mutant BGLs also supported the 

results. A distinct difference in ΔS* values was found in apo and metal bound enzymes. The 

higher change in entropy values of apo-BGL indicated more flexible nature of structure while 
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metals bound enzymes having less disorder due to less change in entropy, were less prone to 

destabilization. It is also evident from the results that manganese stabilized BGL more as 

compared to calcium.  

4.8. Immobilization of BGL 

 The addition of free BGL improves the production rate of glucose or ethanol in the 

lab-scale experiments by effectively reducing the inhibitory level of cellobiose. However, in 

the commercial-scale application of the BGLs, the cost of the enzyme addition is the basic 

obstacle (Tu et al., 2006; Lee et al., 2010). It is an expensive enzyme which is hard to recycle 

and reuse, with short shelf and storage life (Zhou and Zhang, 2011). One approach to 

alleviate this obstacle can be the immobilization, stabilization and easy recovery of BGLs that 

can compensate the cost of BGL addition. During immobilization the enzymes are anchored 

in a solid matrix so that they can be reused and their stability can be improved. For cost 

effective immobilization much cheaper material as hosts with simple but effective 

stabilization approach should be utilized. Although, immobilization poses problems of 

substrate accessibility and binding for most endo- and exocellulases, BGL exhibits favorable 

characteristics for immobilization, such as activity on soluble substrates and/or lack of a 

carbohydrate binding domain (Karagulyan et al., 2008). 

 The comparison of latex, silicone and polyurethane as BGL immobilizing matrices 

revealed that latex entrapped BGL had higher apparent and relative activity than other two 

materials (Table-3.30). The reason for the observed higher activity than other two materials is 

that latex is a water based emulsion (thus more suitable for water soluble substrate of BGL 

due to reduced mass transfer limitations), in which enzyme mixture is admixed. On 

drying/curing, the water evaporates and enzyme molecules are entrapped within the deformed 

and diffused (coalescence) latex particles. While, the higher entrapment efficiency observed 

in case of silicone was due to polymeric nature of silicone in which the monomeric 

components (dimethyl-siloxane and methylhydrosilane) are polymerized in the presence of 

catalyst Platinum, entrapping the enzyme molecules more rigidly than latex. Polyurethane has 

also been considered as a suitable carrier for enzyme immobilization and many scientists 

have noticed the advantage of using this material for immobilization (Chakrabarti and Storey, 

1989; Romaskevic et al., 2006). However, in current study this material gave the least 

apparent activity as compared to other two materials tested. The reason may be the highly 

rigid nature of this polymer, resulting in mass transfer limitations. The specific and relative 

activity of latex and silicone immobilized BGL was higher than reported for chitosan 
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immobilized BGL (Bissett and Sternberg, 1978) and controlled pore silica immobilized BGL 

(Calsavara et al., 2001). A 95% relative activity of koalin immobilized BGL with gradual 

desorption, improved after chemical modification of the enzyme and 35% relative activity of 

covalently attached BGL on silica gel with no desorption (Karagulyan et al., 2008) had also 

been reported. 

 The apparent activity may be affected by interactions between the substrate and the 

matrix and/or by substrate or enzyme diffusion or accessibility phenomena. The large loading 

of enzyme than optimum could also result in overcrowding of the protein molecules. 

Therefore, enzyme to matrix ratio is an important factor to obtain higher apparent activity. An 

enzyme loading of 2 mg g-1 of polymer had been found optimum for latex and silicone 

matrices. Importance of enzyme to matrix ratio has been discussed earlier for various 

materials (Bissett and Sternberg, 1978; Buthe et al., 2005; Nagatomo et al., 2005). The 

decrease in specific activity after immobilization is a common phenomenon and may be 

attributed to resistance of the substrate to diffuse into the matrix and/or the resistance of 

product to diffuse out. In addition the fixation process of the enzyme in/on the 

immobilization matrix may also impair or prevent the proper conformational changes 

required for catalysis. 

Immobilization of BGL within latex and silicone resulted in an increase in optimum 

temperature and activation energy than the free enzyme. The activation energy of free BGL 

was lower than reported earlier (46 kJ mol-1), while immobilized BGL’s activation energy 

was higher than (21 kJ mol-1) for silica immobilized BGL (Calsavara et al., 2001). Improved 

activity and stability of immobilized BGL in the form of enzyme coatings on polymer nano-

fibers (Lee et al., 2010) and an optimum temperature of 60 °C for silk fibroin nano-particles 

immobilized with 46% relative activity had been reported (Zhou and Zhang, 2011). A 31- and 

250-fold increase in activity of two lipases immobilized through entrapment in the form of 

static emulsion on silicone elastomer beads had been reported. This high increase of 

immobilized lipases was due to the fact that from a kinetic point of view lipases show a 

higher efficiency in biphasic than in monophasic systems (Buthe et al., 2005). Contrary to 

that BGL prefers monophasic system for activity over biphasic (water-organic) system, due 

to mass transfer limitations in the later. 

 The immobilization within latex also resulted in the thermo-stabilization of the BGL 

as indicated by higher values of Ea(d), half life, ΔH* and ΔG* than the free BGL (Table-3.31). 

While, silicone immobilized BGL showed thermo-stabilization at 50 °C only. Enzyme 

deactivation followed the first order kinetics. Increased stability upto 60 °C with half life of 
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245 h and Ea(d) of 337 and 356 kJ mol-1 for free  and controlled pore silica immobilized BGL 

(Calsavara et al., 2001) had been reported. Increased optimum temperature and thermal 

stabilities of BGL immobilized on chitosan (Bissett and Sternberg, 1978), eupergit C (Tu et 

al., 2006), silica (Wang et al., 2009), silk fibroin nano-particles (Zhou and Zhang, 2011) and 

gelatin (Nagatomo et al., 2005) had also been reported. Immobilization affects the 

conformational flexibility of the enzyme resulting in an increase in enzyme rigidity, which is 

commonly reflected by an increase in optimum temperature and stability against inactivation. 

However, decreased stability of BGL after immobilization on kaolin had also been reported 

(Karagulyan et al., 2008). 

 The addition of immobilized BGL to the Carezyme 1000L significantly increased the 

hydrolysis rate of the cellulosic substrates. Latex immobilized BGL hydrolyzed the cellulosic 

substrates at higher rate than silicone immobilized BGL. Similar effects of the increased rate 

of cellulosic substrates by the addition of immobilized BGL had been reported earlier (Tu et 

al., 2006; Karagulyan et al., 2008). 

 After 10th cycle of hydrolysis, residual activity of latex and silicone immobilized BGL 

was quite high and the polymeric coatings were quite stable (Fig-3.115). The enzyme 

remained entrap in the silicone polymer and no leakage/release of enzyme was observed in 

the solution. However, in case of latex immobilized BGL, leakage was observed after each 

cycle. In latex, no protection against the leaching/leakage of surface enzyme molecules is 

available. The immobilization within latex can be improved through covalent attachment, 

cross linking etc. A number of authors have reported various residual activities of 

immobilized BGL on different materials after multiple reuses such as 80% residual activity 

after 10 cycles (Wang et al., 2009), 75% residual activity after 6 cycles (Tu et al., 2006), 75% 

residual activity after 6 cycles at 35 °C (Karagulyan et al., 2008), 60% residual activity after 

10 cycles (Zhou and Zhang, 2011) etc. 

 The current study has resulted in the development of a hyper producer strain of A. 

niger for β-glucosidase production with improved catalytic and stability of the enzyme which 

will have substantial applications in biofuel and biorefinery industries. The enzyme also has 

the commercial potential because of its ability to withstand hard conditions and high metal 

ion concentrations. In future, the current study can be expanded for higher heterologus 

expression in Pichia pastoris through codon optimization and improved catalytic and stability 

characteristics of the enzyme through site directed mutagenesis and chemical modification. 

Furthermore, a number of other cheap supports can also be evaluated for immobilization 

studies.
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Conclusions 

 

 A. niger NIBGE was mutated with γ-rays and a mutant strain was selected on the basis of 2-

deoxy-D-glucose resistance. The mutant A. niger was proved to be approximately two fold efficient 

for the BGL production. More specifically the following improvements were observed: 

 The rate of cell mass formation of mutant was high.  

 Specific rate of product formation (qp) was 1.8-2.5 times more for mutant on 

 various  substrates. 

 The Ea for cell mass and BGL production of mutant was significantly low. 

 Thermodynamically, the mutant was better BGL producer than parent. 

 Random mutagenesis also resulted in the point mutations within the BGL gene. 

 The mutant BGL enzyme had 1.6 fold higher turnover (kcat) than parent BGL.  

 The affinity of parent and mutant BGLs for cellobiose was same. 

 Mutant BGL was thermodynamically more stable against denaturants 

 (temperature,  protease and urea). 

 Recombinant BGL expressed extra-cellularly in Pichia pastoris have similar 

 characteristics to the mutant A. niger BGL except the subunit and native molecular 

 masses. 

 Ca2+ decreased the activation energy of BGL, while Mn2+ only decreased the 

 activation energy at lower concentrations. 

 Both Ca2+ and Mn2+ significantly reduced the heat of ionization. 

 Both Ca2+ and Mn2+ (at low concentrations) increased the catalytic properties of 

 BGL by increasing turnover (kcat). 

 Both Ca2+ and Mn2+ improved the thermal-stability of apo-BGL. 

 The activation mechanism of A. niger BGL by Ca2+ was of mixed nature where 

 Ca2+ was preferably binding with free enzyme (competitive), while Mn2+ was 

 preferably binding with  ES-complex rather than free enzyme (partially un-

 competitive) for observed inhibition. 

 Immobilization of BGL through entrapment on latex and silicone resulted in an 

 increase in optimum temperature and thermal-stability than the free enzyme. 

 The immobilized BGL also increased the hydrolysis rate of cellulosic substrates 

 with more than 70% functional stability after multiple reuses. 
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Chapter-06  
 

Appendices 
 

 
Appendix-1      

Composition of PDA (DSM-catalogue of strains, 1989; method 129) 

S. No. Ingredients Quantity  

1 Infusion from potatoes (see below) 1,000 ml 

2 Glucose 20 g 

3 Agar 15 g 

Potato infusion: Boil 200-300 g scrubbed and sliced potatoes in 500 ml water for 1 h until thoroughly 
cooked. Pass the filtrate through fine sieve or cheesecloth and make up the volume of filtrate to 1,000 ml with 
distilled water. Add agar and heat the filtrate to dissolve the agar. Add glucose before sterilization. Autoclave at 
121 °C for 15 min. Avoid using fresh potatoes. 

 

 
Appendix-2 

A: Composition of Vogel’s Medium (Vogel, 1956) 

S. No. Ingredients Quantity (g l-1) 

1 Trisodium citrate (Na3C6H5O7.5H2O) 2.5 

2 KH2PO4, anhydrous 5.0 

3 NH4NO3, anhydrous 2.0 

4 (NH4)2SO4 4.0 

5 MgSO4.7H2O 0.2 

6 Peptone 2.0 

7 Trace element solution (B) 10 ml 

8 Vitamin solution (C) 5 ml 

9 CaCl2.2H2O* 0.1 

10 Tween 80 (optional) 1.0 

Weigh the Vogel salts and mix in distilled water one by one to prevent possible precipitation in Erlenmeyer 
flasks. 

*If CaCl2.2H2O has to be used, then it should be prepared separately (100 mg in 20 ml water) and added 
drop wise. 
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B: Wolfe’s Trace Minerals Solution 
 

S. No. Ingredients Quantity 

1 Nitrilotriacetate (Nitriloacetic acid) 1.5 g 

2 MgSO 4.7H2O 3.0 g 

3 MnSO4. H2O 0.5 g 

4 NaCl 1.0 g 

5 FeSO4.7H2O 100 mg 

6 CoSO4 100 mg 

7 CaCl2 82 mg 

8 ZnSO4.7H2O 100 mg 

9 CuSO4.5H2O 10 mg 

10 Al K (SO4)2 10 mg 

11 H3 BO3 10 mg 

12 Na2MoO4.2H2O 10 mg 

13 Distilled Water Bring volume to 1 liter 
 

C: Wolfe’s Vitamins Solution 
 

S. No. Ingredients Quantity (mg l-1) 

1 Biotin 2.0 

2 Folic acid 2.0 

3 Thiamine-HCl 5.0 

4 Riboflavin 5.0 

5 Pyridoxine-HCl 10.0 

6 Cyanocobalamine 0.1 

7 Nicotinic acid 5.0 

8 Calcium D-(+)-pantothenate 5.0 

9 p-Aminobenzoic acid 5.0 

10 Thioctic acid 5.0 

Add ingredients to distilled/deionized water and bring volume to 1 liter. Mix thoroughly and filter sterilize. 
Instead of trace element and vitamin solutions, yeast extract (2 g l-1) can be used. Adjust pH of the medium to 
5.0 using 1M HCl/1M NaOH and bring volume to 1 liter. Autoclave for 15 min at 121 °C. 

For inoculum preparation: 
After autoclaving the Vogel’s medium, aseptically add appropriate volume of 20% (w/v) autoclaved 

glucose stock solution (200 g l-1 or 10 g 50 ml-1) in each flask to have a final concentration of 2% (w/v) glucose 
(20 g l-1). 

For β-glucosidase production: 
After pH adjustment and volume make up of Vogel’s medium, add wheat bran (2-3% w/v) instead of 

glucose, separately in each flask and then sterilize at 121 °C for 15 min. 
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Appendix-3 

β-Glucosidase (BGL) Assay 

Protocol: 

1. Take 1 ml of 1.0% (w/v) cellobiose prepared in 50 mM sodium acetate buffer pH 5.0 in test tube. 

2. Add 1 ml of sodium acetate buffer pH 5.0 in the same test tube.  

3. Add appropriate amount of enzyme extract (100 µl) and incubate with substrate at 40 C for 40 

min. 

4. Quench the reaction by placing the test tubes in boiling water for 10 min and then cool on ice. 

5. Also apply substrate and enzyme blanks to determine the amount of glucose present in them. 

Briefly, enzyme blank is comprised of 2 ml buffer + 100 µl enzyme while substrate blank 

contains 1 ml cellobiose solution + 1 ml buffer + 100 µl distilled water. 

6. In the second step, add 100 µl of each quenched reaction mixture mentioned above, in 1 ml of 

glucose kit (Fluitest® GLU, Biocon, Germany) and incubate at 37 C for 15 min.  

7. Add 10 µl of glucose standard supplied with Fluitest® GLU in 1 ml of glucose kit and then add 90 

µl of distilled water to equalize the reaction volume. 

8. Take absorbance at 500 nm with spectrophotometer (e.g. Spectro 23RS, LaboMed, Inc. USA).  

Calculations:  

Determine the glucose concentration release in assay as follows: 

Net ΔA of β-glucosidase activity = ΔA of sample – (ΔA of enzyme blank + ΔA of substrate blank) 
 

 

 

For example: 

ΔA of the sample (Change in OD due to β-glucosidase activity) =                       0.573 

ΔA of enzyme blank (Change in OD due to glucose present in enzyme blank/extract) =   0.228 

ΔA of substrate blank (Change in OD due to glucose present in substrate solution) =       0.009 

Net ΔA of β-glucosidase activity = 0.573 - (0.228 + 0.009) =                                             0.336 

ΔA of glucose standard =                            0.362 

Conc. of glucose in the reaction mixture   =               0.336/0.362 × 100 = 92.8 mg dl-1 = 0.928 mg ml-1 

Total volume of the reaction mixture =  2.1 ml 

Concentration of glucose released in the total reaction mixture =               2.1 × 0.928 = 1.948 mg 

 moles of glucose released =                                    1.948/0.1802 = 10.81 moles 

 moles of glucose released min-1 =                                   10.81/40 = 0.270 moles 

100 l β-glucosidase (Vol. of enzyme used in assay) released glucose   =               0.270  moles min-1 

1,000 l of β-glucosidase will release glucose       =              0.270/100 ×1000 = 2.7  moles ml-1 min-1 

β-glucosidase activity =  2.7 U ( moles of glucose ml-1 min-1 at standard conditions of assay) 

              Net ΔA of β-glucosidase activity 
Conc. of glucose (mg dl-1) =                                                       × Glucose standard conc. (100 mg dl-1)   
                  ΔA of glucose standard                 
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Appendix-4 

SDS and Native Polyacrylamide Gel Electrophoresis (PAGE) 

The composition of SDS-PAGE is given below (Shi and Jackowski, 1998). The composition of 

Native-PAGE was same with the exception of SDS. 

Solutions: 

1) 4X Stacking gel buffer (0.5 M Tris-HCl, pH 6.8) 

To 12.1 g Tris base, add 170 ml distilled water and adjust pH to 6.8 with 6 M HCl. Cool the 

solution to room temperature and readjust pH to 6.8. Bring volume to 200 ml with distilled water and 

store at 4 ºC. 

2) 4X Resolving gel buffer (1.5 M Tris-HCl, pH 8.8) 

To 36.3 g Tris base, add 170 ml distilled water and adjust pH to 8.8 with 6 M HCl. Cool the 

solution to room temperature and readjust pH to 8.8. Bring volume to 200 ml with distilled water and 

store at 4 ºC. 

3) 5X Running buffer 

To 15 g Tris base, 72 g glycine and 5 g SDS add distilled water and bring volume to 1 liter. The 

pH should be 8.3 without adjustment. Store at room temperature and dilute to 1X before use. 

4) 2X Sample loading buffer 

To 400 µl of 0.5 M Tris-HCl buffer (pH 6.8), 5 ml glycerol, 1 ml of 10% (w/v) aqueous SDS, 2.5 

mg bromophenol blue and 5% (v/v) β-mercaptoethanol (500 μl) add distilled water (~ 3 ml) and bring 

volume to 10 ml. Dilute to 1X with sample solution before use (loading on gel). β-mercaptoethanol is 

strong neurotoxin and suspected carcinogen, so it should be handled accordingly. 

5) Acrylamide-Bisacrylamide stock solution (30% w/v T, 2.6% w/w C) 

To 90 ml of distilled water add 29.22 g of acrylamide and 0.78 g of bisacrylamide (2.6% w/w of 

total (T) monomer concentration i.e. 30%) and bring the volume to 100 ml. Filter it through 0.45 µm 

filter and store at 4 °C in dark glass bottle or clear bottle wrapped with aluminium foil for no longer 

than about 2 months to avoid hydrolysis of acrylamide to acrylic acid. Unpolymerized acrylamide and 

bisacrylamide are strong neurotoxins and suspected carcinogens, so they should be handled 

accordingly. 

6) SDS stock solution (10% w/v) 

Add 10 g of electrophoresis grade SDS in distilled water and bring volume to 100 ml. Gentle 

warming may be required to help dissolve the SDS. The solution should be stable at room temperature 

for several months but precipitates in cold. 

7) Ammonium persulfate solution (10% w/v) 

Add 500 mg of electrophoresis grade ammonium persulfate in distilled water and bring volume to 

5 ml. Ammonium persulfate is very hygroscopic and begins to break down immediately after being 

dissolved in water. Although it has been suggested by some researchers that this solution is stable for 

a week if kept at 4 °C and in darkness, but it should be prepared fresh each time.  
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Composition of Resolving and Stacking Gel Mixtures 

A: Resolving gel mixture  

Reagent (ml) 
Final concentration (%) ployacrylamide gel 

5 7.5 10 12.5 15 17.5 20 

Water 9.04 7.71 6.38 5.04 3.71 2.38 1.04 

Acrylamide-Bisacrylamide  
(30% T, 2.6% C)a 2.67 4.0 5.33 6.67 8.0 9.33 10.67 

4X Resolving gel buffer 4.0 4.0 4.0 4.0 4.0 4.0 4.0 

10% SDS 0.16 0.16 0.16 0.16 0.16 0.16 0.16 

TEMEDb 0.008 0.008 0.008 0.008 0.008 0.008 0.008 

10% Ammonium persulfatec 0.12 0.12 0.12 0.12 0.12 0.12 0.12 

Total volumed 16.0 16.0 16.0 16.0 16.0 16.0 16.0 

 
B: Stacking gel mixture 

Reagent (ml) 
Final concentration (%) ployacrylamide gel 

3 3.5 4 4.5 5.0 

Water 3.17 3.09 3.0 2.92 2.84 

Acrylamide-bisacrylamide  
(30% T, 2.6% C)a 0.5 0.58 0.67 0.75 0.83 

4X Stacking gel buffer 1.25 1.25 1.25 1.25 1.25 

10% SDS 0.05 0.05 0.05 0.05 0.05 

TEMEDb 0.005 0.005 0.005 0.005 0.005 

10% Ammonium persulfatec 0.025 0.025 0.025 0.025 0.025 

Total volumed 5.0 5.0 5.0 5.0 5.0 

Where in both tables: 
a T denotes total percentage concentration (w/v) of both monomers (acrylamide and bisacrylamide) in grams per 
100 ml and C denotes cross linker (bisacrylamide) percentage concentration (w/w) to the total percentage 
concentration (2.6% of T). 
b TEMED (N, N, N', N'-tetramethyl ethylene diamine) was added just prior to pouring the gel (Final conc. 0.5-1 
μl ml-1). 
c The solution must be made fresh (Final conc. 1.5-7.5 μl ml-1).. 
d Enough for two 1.5 mm thick Mighty Small SE 245 mini gels. 
Note: Ammonium persulfate/TEMED initiated reactions should be allowed to proceed for at least 2 h before 
running a gel to ensure a complete polymerization. 
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Appendix-5 

Coomassie Brilliant Blue (CBB-R 250) Destaining Protocol (Drbal et al., 2001) 

1. Cut band from the gel with sharp blade in such a way to minimize the amount of acrylamide, 

place into 0.65 ml siliconized tubes (PGC Scientifics, USA) and dice each gel slice into small 

pieces (1 mm2). 

2. Wash several times with approximately 300 μl solution made up of 10 mM dithiotreitol (DTT), 

0.1 M 4-ethylmorpholine acetate (pH 8.1) in 50% (v/v) acetonitrile (ACN); (3 min in microwave 

oven per wash is suggested). Repeat until the Coomassie is completely removed. 

3. Wash gel pieces with water and shrink with 100% (v/v) ACN (sonicate for 5 min).  

4. Re-swell with water (sonicate for 5 min).  

5. Repeat shrinking and re-swelling one more time. 

6. Wash with 50% (v/v) ACN (sonicate for 5 min) (steps 3-6: For salt and other  contaminants 

 removal). 

7. Speed vaccum (30 min or less) to near dryness.  

Appendix-6 

In-Gel Protein Digestion Protocol (Shevchenko et al., 2006) 

 Wear gloves to minimize contamination from keratins.  

 Siliconized tubes are highly recommended for proteolytic digestions.  

 Use small bore pipette tips such as gel loading tips. 

 Wipe down all surfaces in the hood with methanol/water moistened lint-free cloth, including the 

 outside of all your tubes (make sure not to wipe off the labeling!), the outside and  inside of the 

 Speed vac and centrifuge, tube racks, bottles etc. Wipe razor blades with methanol-soaked lint-

 free cloth.  

Note: Excise a blank spot that does not contain protein and process in the same manner as excised 

bands. A molecular weight marker or other protein of your choice can be used as a positive control. 

Protocol: 

1. Cysteine reduction and alkylation: (Recommended for low-level proteins <1 pmol, especially 

for those separated by 1-Dimensional SDS-PAGE) 

a. Rehydrate gel pieces in 10 mM DTT/100 mM NH4HCO3 (25 μl or enough to cover).  Vortex and 

 spin briefly.  

b. Incubate for 45-60 min at 56 °C. Remove sample from heat and allow cooling to  room 

 temperature. 

c. Aspirate the supernatant and immediately add 25 μl of freshly made 55 mM iodoacetamide/100 

 mM NH4HCO3. Vortex and spin briefly. 

d. Incubate for 30-45 min at room temperature in dark.  

e. Aspirate the supernatant (discard).  
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f. Add acetonitrile till piece turns to sticky white (opaque white).  

g. Aspirate and re-hydrate in 100 mM NH4HCO3 for 5 min.  

h. Add equal volume of acetonitrile. Incubate for 15 min at room temperature. 

i. Aspirate and dry down in speed vac. 

2. Tryptic digestion:  

a. Add sequence-grade modified porcine trypsin (Promega, USA) to get a final concentration of 12.5 

ng μl-1 of trypsin, 50 mM ice-cold (4 °C) ammonium bicarbonate (relatively fresh) and 5 mM of 

CaCl2, pH between 8-9 (add enough solutions to the spots, so that they are just covered). Incubate 

on ice for 1 h and check the spots every 10 min to ensure that they have not absorbed all of the 

liquid. If the liquid is absorbed, add more of the trypsin/bicarbonate solution. 

Note: Do not use >1 μg of trypsin (total protein amount) per sample, that is, not >80 μl of a 12.5 ng 

μl-1 solution. 

b. After 1 h, discard excess liquid and add 30 μl of 50 mM ammonium bicarbonate/5 mM CaCl2.  

Incubate at 37 °C overnight (approximately 16 h) after sealing tubes with Nescofilm. Also keep a 

trypsin blank to provide internal calibration peaks. 

3. Extraction of peptides: 

a. The next day, remove the supernatant and keep it in a siliconized microcentrifuge tube (0.65 ml) 

on ice. 

b. To gel pieces add 30 μl of 20 mM ammonium bicarbonate, incubate at 37 °C for 20 min.  Remove 

the supernatant and pool with supernatant from previous step. 

c. Add 30 μl of 50% (v/v) acetonitrile/5% (v/v) formic acid (made fresh daily, in a glass vial, not in 

plastic vial) and incubate at room temperature for 20 min.  Remove supernatant and pool with the 

supernatant from previous two steps. 

d. Repeat previous step (30 μl of 50% acetonitrile/5% (v/v) formic acid extraction, 20 min 

incubation at room temperature) two more times, pooling supernatants. 

e. Speed-Vac the supernatant to near dryness (e.g. ~10-20 μl remaining in tube). 

f. Either proceed with C18 ZipTip (Millipore, USA) cleanup or analyze with LC-MS/MS. Add 2-5 

μl of 5% (v/v) formic acid. When analyzing low levels of protein, concentrate the petides by 

eluting from ZipTips using 3 μl of elution solution, into a clean 0.65 ml siliconized tube.  

Appendix-7 

Rapid Extraction of Fungal DNA for PCR Amplification (Cenis, 1992) 

Reagents: 

1) Extraction buffer: 

Tris-HCl, pH 8.5  200 mM 

NaCl    250 mM 

EDTA    25 mM 

SDS    0.5% (w/v) 
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2) 3 M Sodium acetate buffer, pH 5.2 

3) Isopropanol (ice-cold) 

4) 70% (v/v) ethanol 

5)  Optional: TE buffer (1 mM Tris, pH 8.0; 0.1 mM EDTA, pH 8.0) 

Protocol: 

1. After 48-60 h of fungal growth on Vogel’s medium containing 2% (w/v) glucose as carbon source 

at 30±1 °C, aseptically harvest the fungal mycelia by filtration through sterilized filter paper and 

funnel. 

2. Scratch the mycelia from filter paper and either lyophilize them or grind to fine powder in liquid 

nitrogen using sterilized pestle and mortar (Fresh mycelia can also be used directly for extraction 

of DNA). 

3. Take 1-2 g of ground mycelia (or fresh mycelia) in 50 ml falcon tube and add 10 ml of extraction 

buffer (if fresh mycelia are used, then first slightly grind them in extraction buffer using sterile 

pestle and mortar). 

4. Add 5 ml of 3 M sodium acetate buffer, pH 5.2 and place the falcon tube at -20 °C for 10 min. 

5. Spin the tube at 8,000 rpm (6,080×g) for 5 min at 4 °C. 

6. Take supernatant and add equal volume of ice-cold isopropanol. 

7. Place the tube at room temperature for 5 min and then again spin at 8,000 rpm (6,080×g) for 5 

min at 4 °C. 

8. Discard the supernatant and wash the pellet with 70% (v/v) ice-cold ethanol (to remove salts) by 

spinning at 8,000 rpm (6,080×g) for 5 min at 4 °C. 

9. Dissolve the pelleted DNA in double distilled water or TE buffer (500 µl). 

10. If some un-dissolved material is still there, again spin at 8,000 rpm (6,080×g) for 5 min at 4 °C 

and transfer supernatant to a fresh microcentrifuge tube (1.5 ml). 

11. Analyze the isolated DNA by 1% (w/v) agarose gel electrophoresis (Appendix-10) along with 

standard DNA markers. DNA concentration can be quantified as described below through 

standard UV spectrophotometer method: 

       DNA concentration (g/ml) = OD260 x 100 (dilution factor) x 50 g/ml 

Appendix-8 

Sequence of Primers 

1) Primers for full length β-glucosidase gene (bgl) amplification 

bgl forward primer (β-gluco-F)  

5΄-ATG AGG TTC ACT TTG ATY GAG GC-3΄ (23 mer, GC% 47.8, Tm 58.4 °C) 

bgl reverse primer (β-gluco-R)  

5΄-TTA GTG AAC AGT AGG CAG AGA CG-3΄ (23 mer, GC% 47.8, Tm 58.4 °C) 

Where Y = Nucleotide T or C; Amplified fragment length (approximately) = 2,949 bp 
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2. Primers for partial β-glucosidase gene (pbgl) amplification and cloning in pPIC9K 

bgl forward primer (β-glu-W-F)  

5΄-TAC GTA GAT GAA TTG GCY TAC TCC CC-3΄ (26 mer, GC% 46.2, Tm 60.7 °C) 
      SnaBI      (For β-glucosidase gene amplification without signal peptide and intron-1) 

bgl reverse primer (β-glu-R) 

5΄-GCG GCC GCT TAG TGA ACA GTA GGC AGA GAC G-3΄ (31 mer, GC% 61.3, Tm 70.7 °C)  
 NotI            

Where Y = Nucleotide T or C; Amplified Fragment Length (approximately) = 2,810 bp 

3. Primers for colony/genomic PCR/sequencing of Pichia construct 

Alpha Factor-F (1152-1172 b on pPIC9K)   

5΄-TAC TAT TGC CAG CAT TGC TGC- 3΄ (21 mer, GC% 47.6, Tm 55.9 °C) 

Gene specific-R (1298-1318 b on bgl gene) 

5΄-TGA AGT TGG GAG GAG TCC ACA-3΄ (21 mer, GC% 52.38, Tm 57.8 °C) 

5΄ AOX1-F (855-875 b on pPIC9K) 

5΄-GAC TGG TTC CAA TTG ACA AGC- 3΄ (21 mer, GC% 47.6, Tm 55.9 °C) 

3΄ AOX1-R (1327-1347 b on pPIC9K) 

5΄-GCA AAT GGC ATT CTG ACA TCC-3΄ (21 mer, GC% 47.6, Tm 55.9 °C) 

Appendix-9 

PCR Mixture 

Reaction mixture set up: 

 After thawing on ice, gently vortex and briefly centrifuge all solutions. 

 Add, in a thin walled PCR tube, on ice: 

Component 
Volume of component 

(For 50 μl reaction) 
Final concentration 

Template DNA (Genomic) 5 μl 
100 ng  

Range (25-100 ng) 

dNTP mix (10 mM) 1 μl 
0.2 mM (200 μM each) 
Range (100-250 μM) 

Pfu Buffer with MgCl2 (10X) 5 μl 1.0X (2.0 mM) 

Forward Primer (β-gluco-F)  
10 μM (10 pmol μl-1) 

1 μl 
0.2 μM (0.2 pmol μl-1) 
 Range (0.05-0.25 μM) 

Reverse Primer (β-gluco-R) 
10 μM (10 pmol μl-1) 

1 μl 
0.2 μM (0.2 pmol μl-1) 
 Range (0.05-0.25 μM) 

Pfu polymerase (2.5 U μl-1) 1 μl 2.5 U 

Double distilled deionized H
2
O 36 μl  

 Gently vortex sample and briefly centrifuge to collect all drops from walls of tube. 

 Overlay sample with half volume of mineral oil or add appropriate wax amount. This step may be 

omitted if thermocycler is equipped with a heated lid. Place samples in a thermocycler and start it. 
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Appendix-10 

Agarose Gel Electrophoresis 

Reagents: 

1) 50X Tris-acetate EDTA buffer (TAE):  

Tris base    242 g  

Glacial acetic acid   57.1 ml  

0.5 M EDTA (pH 8.0)   100 ml  

Make up the final volume with distilled water to 1,000 ml.  

2)  Ethidium bromide stock solution (10 mg ml-1) 

3) 6X DNA loading dye (Fermentas, Lithuania, cat # R0611):  

Bromophenol blue   0.03% (w/v)  

Xylene cyanol FF  0.03% (w/v)  

Glycerol    60% (v/v) 

EDTA    60 mM  

Tris-HCl (pH 7.6)  10 mM 

Dissolve in distilled water.  

 Mix DNA fragments or PCR amplified products with 6X DNA Loading Dye (Final conc. 1X) and  

separate them by electrophoresis (5V cm of the gel) on 0.8-1% (w/v) agarose gels in 0.5X TAE buffer 

containing ethidium bromide (Final conc. 0.5-2 μg ml-1). Visualize the gels under UV light. Estimate 

the DNA fragment sizes by comparison with GeneRuler™ (Fermentas, Lithuania, cat # SM0311) 1kb 

DNA ladder (Appendix-11). 

Appendix-11 

GeneRuler™ 1kb DNA Ladder (Fermentas, Lithuania, cat # SM0311) 
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Appendix-12 

Adding 3´ A-Overhangs  

(Protocol in TA Cloning® Kit, Invitrogen, USA, Cat # K2000-01) 

1.  After amplification with a proofreading polymerase, place vials on ice and add 0.7-1.0 U of Taq 

polymerase per tube. Mix well (not necessary to change buffer). 

2.  Incubate at 72 °C for 8-10 min (do not cycle). 

3.  Extract immediately with an equal volume of phenol-chloroform. 

4. Add 1/10th volume of 3 M sodium acetate and 2 volume of 100% ethanol. 

5.  Centrifuge at 12,000×g for 5 min at room temperature to precipitate DNA. 

6.  Remove the ethanol, rinse the pellet with 80% (v/v) ethanol, and allow to air dry. 

7.  Resuspend the pellet in TE buffer or double distilled deionized water, to the starting volume of 

the DNA amplification reaction. The amplified product is now ready for ligation in T/A vector. 

 

Appendix-13 

Ligation of PCR Fragment of bgl in pTZ57R/T Vector 

L-1 (μl)  L-2 (μl)  L-3 (μl)  

Vector (pTZ57R/T)   2.0   2.0   3.0  

Insert (PCR product)   2.0   4.0   1.0  

T4 DNA ligase buffer (10X)  2.0   2.0   2.0  

Polyethylene glycol (PEG 4000)  2.0   2.0   2.0  

T4 DNA Ligase    1.0   1.0  1.0  

d3H
2
O      11.0   9.0   11.0  

Total volume    20.0   20.0   20.0 

 Vortex microcentrifuge tubes briefly and centrifuge for 3-5 sec. 

 Cover the microcentrifuge tubes with parafilm and incubate the ligation mixture at room 

temperature (22 °C) for 1 h. If maximal number of transformants is required, incubate overnight 

at 4 °C or 16 °C. 

 Use 2.5-5.0 μl of the ligation mixture directly for bacterial transformation. 

 

Appendix-14 

Map, MCS Sequence and Genetic Features of pTZ57R/T Cloning Vector 

The pTZ57R/T cloning vector is linearized and ddT tailed for direct use in cloning of PCR 

products, generated with Taq, Tth, Tfl or other DNA polymerases or polymerase mixtures, which add 

extra adenines to the ends of PCR products. The map and the MCS region of the vector are presented 

below. pTZ57R/T vector sequence is available for downloading at www.fermentas.com. 
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Map of the pTZ57R/T cloning vector (Unique restriction sites are indicated): 

 

DNA sequence of MCS region of pTZ57R/T cloning vector: 

 

Appendix-15 

Preparation of Escherichia coli Chemically Competent Cells (Cohen et al., 1973) 

1.  Pick a single colony of  TOP10F´ (Genotype: F´ {proAB, lacIq, lacZΔM15, Tn10 (TetR)} mcrA, 

Δ(mrr-hsdRMS-mcrBC), φ80lacZΔM15, ΔlacX74, deoR, recA1, araD139, Δ(ara -leu)7697, 

galU, galK, rpsL(StrR), endA1, nupG λ-) from culture plate and inoculate in 25 mL LB medium 

(Appendix-17); containing tetracycline (Appendix-18) and incubate the flask overnight at 37 °C 

with shaking (250 rpm) in incubate-shaker.  

2.  Next day aseptically transfer 2.5 ml (1% v/v) of overnight culture in 250 ml LB medium 

(Appendix-17) containing tetracycline (Appendix-18) and shake at 37 °C until; the optimal 

density (OD600) reaches up to 0.4-0.5 (almost take 3 h).  
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3.  Divide the culture in chilled 50 ml falcon tubes.  

4.  Centrifuge cells at 5,000 rpm (2,370×g) for 5 min at 4 °C.  

5.  Discard the supernatant and re-suspend the pellet very gently in chilled 10 ml 0.1M MgCl
2
. 

6.  Centrifuge at 3,000 rpm (1,080×g) for 5 min at 4 °C. 

7.  Discard the supernatant and re-suspend the pellet very gently in chilled 10 ml of 0.1M CaCl
2
.  

8.  Keep the tubes in ice for 30 min (preferably for 1-2 h), with gentle shaking after every 5 min.  

9.  Centrifuged at 3,000 rpm (1,080×g) for 5 min at 4°C.  

10. Discard the supernatant and re-suspend the pellet very gently in chilled 2.5 ml (1/10th of culture 

volume) of 0.1M CaCl
2. 

11. Competent cells can be stored almost indefinitely by adding ice cold sterile glycerol to final 

concentration of 10-15% (v/v). 

12. Mix gently and leave on ice for 30 min. Dispense 200 μl in 1.5 ml ice cold sterile microcentrifuge 

tubes and immediately store at -80 °C.  

Note: Carry out the whole process on ice and in laminar flow.  

 
Appendix-16 

Heat Shock Transformation of E. coli (Sambrook et al., 1989) 

1. For bacterial transformation, thaw the appropriate number of competent cell vials on ice. 

2. Add 2.5-5 μl of ligation reaction/plasmid in 200 μl competent cells, mix with pipette and incubate 

on ice for 15-30 min (The remaining ligation reaction/plasmid can be stored at -20 °C for future 

transformation attempts).  

3. Heat shock the vials in a pre-heated dry bath or water bath at 42 °C for one and half min (90 sec).  

4. Immediately transfer these cells on ice and incubate there for 10 min.  

5. Add 800 μl of LB medium without antibiotic to each vial and incubate the culture at 37 °C for 1 h 

in a shaking incubator.  

6. Spread 100-300 μl of cells from each vial on (pre-warmed to 37 °C) LB agar plates (Appendix-

17) containing ampicillin (Appendix-18), IPTG and X-Gal (Appendix-19) as selection marker. 

7. Place these plates at 37 °C for overnight (12-16 h) in an incubator. White colonies represent 

recombinant colonies while blue colonies are self ligated plasmids (In order to enhance the 

contrast of blue-white colonies for easier selection, these plates can be kept at 4 °C for 1-2 h). 

8. Analyze 10-12 white colonies for presence and orientation of insert by restriction digestion 

analysis (Appendix-21) and/or DNA sequencing (Appendix-25). 

Note: All procedures are performed on ice. All short centrifugations can be carried out at room 

temperature (RT) in a regular minicentrifuge. Do not keep cells in the centrifuge at RT for more than 

5 min as this will significantly decrease the transformation efficiency. 
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Appendix-17 

LB (Luria-Bertani) Medium (DSM-catalogue of strains, 1989; method 381) 

Reagents: 

Tryptone   1.0% (w/v) 

Yeast extract   0.5% (w/v) 

NaCl    0.5-1.0% (w/v) 

Bacto agar   1.5% (w/v) 

pH   7.0-7.2 

Protocol: 

1.  For 1 liter, dissolve 10 g tryptone, 5 g yeast extract and 5-10 g NaCl in 950 ml deionized water. 

2.   Adjust the pH of the solution to 7.0-7.2 with NaOH and bring the volume up to 1 liter. 

3.  Autoclave for 20 min at 15 lbs per square inch pressure and 121 °C. Let cool to ~55 °C and add 

desired antibiotics at this point. 

4.  Store at room temperature or at 4 °C. 

LB (Luria-Bertani) agar plates:  

1.  Make LB Medium as above and add 15 g liter-1 (1.5% w/v) agar before autoclaving. 

2.  Autoclave for 20 min at 15 lbs. per square inch pressure and 121 °C. 

3.  Let cool to ~55 °C and add desired antibiotics at this point. Pour into 10 cm Petri plates. Let the 

plates harden, then invert and store at 4 °C. 

Appendix-18 

Antibiotics 
 

Antibiotics Stock conc. Final conc. Solvent 

Ampicillin 100 mg ml-1 100 μg ml-1 Water 

Tetracycline 10 mg ml-1 10 μg ml-1 90% Ethanol 

 
Appendix-19 

IPTG and X-Gal Stock Solutions 

 Make a stock solution of 100 mM IPTG (isopropyl-thio-β-D-galactopyranoside) in distilled water 

and filter sterilize it through 0.22 μm disposable syringe filter. Store it at -20 °C and use 40 μl per LB 

agar plate. 

 Make a stock solution (40 mg ml-1) of X-Gal (5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside) in N, N dimethyl formamide. No need for filter sterilization. Properly cover the 

vial in aluminium foil and store at -20 °C. Use 40 μl per LB agar plate. 
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Appendix-20  

E. coli Plasmid Isolation (Miniprep) by Alkaline Lysis Method (Birnboim, 1983) 

Reagents (Miniprep Solutions):  

1) Solution I (Suspension buffer):    For 50 ml 

50 mM Glucose     0.45 g 

or  

5 mM Sucrose     0.0855 g 

25 mM Tris (pH 8.0)*     1.25 ml 

10 mM EDTA (pH 8.0)!    1.00 ml 

DNase-free RNase A (10 mg ml-1)  0.50 ml (Final conc. 100 μg ml-1)      

Autoclave and store at 4 °C. 

 *Take 0.3025 g Tris to make 100 ml and adjust pH to 8. 
 !Take 0.2924 g EDTA to make 100 ml (doesn’t dissolve, add pellet of NaOH) and then 

 adjust pH to 8. 

2) Solution II (Denaturation solution):   For 50 ml 

0.2 N NaOH      0.4 g 

1% (w/v) SDS      0.5 g 

Make fresh. 

3) Solution III (Neutralization solution):   For 50 ml 

5 M Potassium acetate£    30 ml 

Glacial acetic acid     5.75 ml  

Add water to make 50 ml.  

 Do not autoclave. Final conc. will be 3 M K+, 5 M Acetate and pH 4.8. 
 £Add 49.075 g potassium acetate to distilled H2O and bring volume to 100 ml. 

or instead of solution III can use 

3 M Sodium acetate (pH 4.8-5.0)   

4) Optional: Phenol:Chloroform 

5) Isopropanol or Absolute Ethanol 

6) 70% (v/v) Ethanol          

7) Optional: Lysozyme (20 mg ml-1 in 10 mM Tris-HCl, pH 8.0) 

Protocol:  

1. Pick a desired single colony of E. coli and culture in 3-5 ml liquid LB medium (Appendix-17) 

containing appropriate antibiotic (Ampicillin etc.). Grow overnight (8-12 h) at 37 °C in orbital 

shaker (150-225 rpm). 

2. Aseptically fill microcentrifuge tube with approximately 1.5 ml of the culture and spin at max 

speed (13,400 rpm, 12,100×g) for 1 min. Aseptically remove the supernatant as completely as 

possible and add another aliquot of culture to the tube. Again, spin for 1 min and aseptically 
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remove the supernatant as completely as possible. Repeat until the 4.5 ml culture is spun down in 

one microcentrifuge tube (Keep safe the remaining approximately 500 μl culture at 4 °C, for 

making 15% (v/v) sterile glycerol stock of desired clone after confirmation through restriction 

analysis and/or PCR) 

3. Aspirate supernatant and allow the pellet to dry by draining tube on tissue paper. 

4. Add 100 μl of ice-cold (chilled) solution I and resuspend the pellet by vortexing (vigorously).  

5. Add 200 μl of solution II and mix well by inverting gently (5-6 times). Do not vortex. The cell 

should lyse and turn somewhat clear and viscous. 

6. Incubate for 5 min at room temperature. 

7. Add 200 μl of ice-cold (chilled) solution III and mix again by inverting the tube (5-6 times). A 

white clot of DNA/Protein/SDS should form. 

8. Incubate on ice or at room temperature for 10 min and then spin at 13,400 rpm (12,100×g) for 10 

min.  

9. Take the supernatant to a fresh 1.5 ml microcentrifuge tube and try to avoid taking any white 

precipitate during the transfer. It will be fine to leave a little supernatant behind to avoid 

accidentally taking the precipitate. 

10. Optional: Add equal volume of Phenol:chloroform (1:1) and vortex for 5 sec. 

11. Spin for 5 min at 13,400 rpm (12,100×g) and very carefully take the supernatant (top aqueous 

phase) into a fresh 1.5 ml microcentrifuge tube.  

12. Add two volumes of chilled isopropanol or absolute ethanol and keep at -20 °C for 30 min. 

13. Again centrifuge at 13,400 rpm (12,100×g) for 10 min. A milky pellet should be at the bottom of 

the tube. Aspirate the supernatant without dumping out the pellet and wash the pellet with chilled 

100-200 μl 70% (v/v) ethanol. Again spin for about 2 min and remove ethanol with pipette or 

pour off supernatant (be careful not to dump out pellet) and drain tube on tissue paper. 

14. Air-dry the pellet for 5-10 min and dissolve in 20 μl of sterile distilled water. 

15. Determine the concentration and quality of plasmid DNA by 1% (w/v) agarose gel (Appendix-10) 

along with standard DNA markers. 

16. Store the remaining DNA at -20 °C for future use.  

Appendix-21 

Restriction/Digestion Reactions 

                                                Rx-1 (μl)       Rx-2 (μl)          Rx-3 (μl)   

10X Buffer Tango™ Yellow (Y)  4.0 (2X)           ----  ---- 

10X Buffer Red (R)   ----  2.0 (1X) ---- 

10X Buffer EcoRI   ----  ----  2.0 (1X) 

HindIII (10 U μl-1)   1.0   1.0  ----  

EcoRI (10 U μl-1)   1.0   ----  1.0 

DNA (Plasmid)    3.0   3.0    3.0   
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RNase A (20 mg ml-1)    2.0   2.0   2.0 

d
3
H

2
O      9.0   12.0  12.0   

Total volume    20.0   20.0   20.0 

 Place the digestion mixtures at 37 °C in an incubator for 2-3 h and then run on 0.8-1% (w/v) 

agarose gel. 

Appendix-22 

PCR Mixture and PCR Profile for bgl Amplification from pBGL-P and pBGL-M Constructs 

1) PCR mixture:    

 After thawing on ice, gently vortex and briefly centrifuge all solutions. 

 Add, in a thin walled PCR tube, on ice: 

Component 
Volume of component 

(For 50 μl reaction) 
Final concentration 

Template DNA (Plasmid) 5 μl 
200 pg 

Range (0.01-1 ng) 

dNTP mix (10 mM) 1 μl 0.2 mM (200 μM each) 

Taq buffer with (NH4)2SO4 (10X) 5 μl 1.0X  

MgCl
2 
(25mM) 4 μl  

2.0 mM 
Range (1-4 mM) 

Forward Primer (β-gluco-F) 
10 μM (10 pmol μl-1) 

1 μl 
0.2 μM (0.2 pmol μl-1) 

Range (0.1-1 μM) 

Reverse Primer (β-gluco-R) 
10 μM (10 pmol μl-1) 

1 μl 
0.2 μM (0.2 pmol μl-1) 

Range (0.1-1 μM) 

Taq polymerase (5 U μl-1)  0.5 μl 2.5 U 

Double distilled deionized H
2
O 32.5 μl  

 Gently vortex sample and briefly centrifuge to collect all drops from walls of tube. 

 Overlay the sample with half volume of mineral oil or add an appropriate amount of wax. This 

step may be omitted if thermal cycler is equipped with a heated lid. 

 Place samples in a thermal cycler and start PCR. 

2) PCR profile: 

The PCR profile is given below:   

1) Denaturation     94 °C for 5 min (1 cycle) 

2) Denaturation     94 °C for 1 min 

3) Annealing    55 °C for 1 min       (30 cycles) 

4) Extension     72 °C for 3 min 

5)  Final extension     72 °C for 10 min (1 cycle)  

6) Hold      4 °C  
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 Analyze the amplified products by electrophoresis on 1% (w/v) agarose gel (Appendix-10) along 

with DNA ladder (Appendix-11). 

Appendix-23 

High Purity (Midiprep) Plasmid DNA isolation using PureLink™ HiPure Plasmid DNA 

Purification Kit (Invitrogen, USA, cat # K2100-04) 

Protocol: 

1.  Column equilibration: Use the Column Holder to support a HiPure Midi Column in a flask, or 

place the Midi Column on the PureLink™ Nucleic Acid Purification Rack. Apply 10 ml 

Equilibration Buffer (EQ1) to the column. Allow the solution in the column to drain by gravity 

flow. Proceed to lysate preparation, while the column is equilibrating.  

2.  Preparing cell lysate and cell harvesting: 

 For high copy number plasmids, use 15-25 ml of an overnight LB culture per sample in a 

disposable 50 ml conical tube. Note: If you are using >25 ml of culture volume of high copy 

plasmids, add twice the amount of Resuspension Buffer (R3) with RNase A, Lysis Buffer (L7), 

and Precipitation Buffer (N3) as directed in Steps 3, 4, and 5, below for best results.  

 For low copy number plasmids, use 25-100 ml of an overnight LB culture per sample in a 50 ml 

tube. 

 Cell harvest: Harvest the cells by centrifuging the overnight LB culture at 5,000 rpm (4,000×g) 

for 10 min at 4 °C. Remove all medium.  

3. Cell suspension: Add 4 ml Resuspension Buffer (R3) with RNase A to the cell pellet and 

resuspend the cells using vortex until homogeneous. 

4.  Cell lysis: Add 4 ml Lysis Buffer (L7). Mix gently by inverting the capped tube until the lysate 

mixture is thoroughly homogenous. Do not vortex. Incubate at room temperature for 5 min. 

Note: Do not allow lysis to proceed for more than 5 min. 

5.  Neutralization: Add 4 ml Precipitation Buffer (N3) and mix immediately by inverting capped 

tube until mixture is thoroughly homogeneous. Do not vortex. Centrifuge the mixture at 7,000 

rpm (>12,000×g) for 10 min at room temperature. 

 Note: If the pellet does not adhere to the bottom of the tube, incubate the tube at room 

temperature for 5 min to allow the separation of the lysate and gelatinous pellet. Pipette the clear 

lysate into another, sterile tube and centrifuge at 7,000 rpm (>12,000×g) at room temperature for 

5 min to remove any cellular debris.  

6.  Column loading: Load the supernatant from Step 5 (above) onto the equilibrated column. Allow 

the solution in the column to drain by gravity flow and discard. 

7.  Column wash: Wash the column twice with 10 ml Wash Buffer (W8). Allow the solution in the 

column to drain by gravity flow after each wash. Discard the flow-through.  

8.  Plasmid DNA elution: Place a sterile 15 ml centrifuge tube (elution tube) under the column. Add 

5 ml Elution Buffer (E4) on the column to elute the DNA. Allow the solution to drain by gravity 
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flow. Do not force out any remaining solution. The elution tube contains the purified DNA. 

Discard the column.  

9.  Plasmid DNA precipitation: Add 3.5 ml chilled isopropanol to the elution tube. Mix well. 

Incubate at -20 °C for 10 min. Centrifuge the tube at 7,000 rpm (>12,000×g) for 30 min at 4 °C. 

Carefully remove and discard the supernatant. 

10. Pellet washing: Resuspend the pellet in 3 ml 70% (v/v) ethanol. Centrifuge the tube at 7,000 rpm 

(>12,000×g) for 5 min at 4 °C. Carefully remove and discard the supernatant. Remove ethanol 

and air-dry the pellet for 10 min. 

11. DNA storage: Resuspend the DNA pellet in 200 μl TE Buffer (TE). For low copy number 

plasmids, use 100 μL of TE Buffer. Store the purified DNA at -20 °C or use DNA for the desired 

downstream application. To avoid repeated freezing and thawing of DNA, store the purified DNA 

at 4 °C for immediate use or aliquot the DNA and store at -20 °C for long-term storage. 

 Note: Occasionally, insoluble particles may be present. These particles do not influence the 

quality of the DNA and can be easily removed. To remove insoluble particles, centrifuge the 

DNA solution at high speed for 1 min at room temperature. Transfer the supernatant (DNA 

sample) into a fresh tube. 

12. Determine the concentration and quality of plasmid DNA by 1% (w/v) agarose gel (Appendix-10) 

along with standard DNA markers. 

Appendix-24 

Plasmid DNA Isolation from E. coli for DNA Sequencing Using Wizard® Plus SV Minipreps 

DNA Purification System (Promega, USA, cat # A1270) 

Reagents: 

1) 5X dilution buffer 

  Tris-HCl (pH 9.0)   250 mM 

  MgCl2     10 mM 

2) 10X TE buffer 

  Tris-HCl (pH 7.5)   100 mM 

  EDTA     10 mM 

3) Cell lysis solution (CLA) 

  NaOH     0.2 M 

  SDS     1% (w/v) 

4) Cell resuspension solution (CRA) 

  Tris-HCl (pH 7.5)   50 mM 

  EDTA     10 mM 

  RNase A    100 μg ml-1 

5) Neutralization solution (NSB) 

  Guanidine hydrochloride  4.09 M 
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  Potassium acetate   0.759 M 

  Glacial acetic acid   2.12 M 

  Final pH is approximately 4.2. 

6) Column wash solution (CWA) 

  Potassium acetate   162.8 mM 

  Tris-HCl (pH 7.5)   22.6 mM 

  EDTA (pH 8.0)    0.109 mM 

Note: Prior to using a new Wizard® Plus SV Minipreps DNA Purification System, dilute the provided 

Column Wash Solution (CWA) as follows:  

Add 7 ml of 95% (v/v) ethanol for a final volume of 11 ml for the 10-prep system. 

Add 35 ml of 95% (v/v) ethanol for a final volume of 55 ml for the 50-prep system. 

Add 170 ml of 95% (v/v) ethanol for a final volume of 270 ml for the 250-prep and 1,000-prep 

systems. 

Final concentrations will be approximately 60% (v/v) ethanol, 60 mM potassium acetate, 8.3 mM 

Tris-HCl, 0.04 mM EDTA. 

Protocol: 

Preparation of E. coli: 

1.  Pick a single, well-isolated colony from a fresh Luria-Bertani (LB) agar plate (containing 

antibiotic e.g. Ampicillin 100 μg ml-1) to inoculate 1-10 ml of LB medium (containing the same 

antibiotic). 

2.  Incubate overnight (12-16 hours) at 37 °C in a shaking incubator. 

Note: An A600 reading of 1-2 ensures that cells have reached the proper growth density for harvesting 

and plasmid DNA isolation. 

 For high-copy-number plasmids, do not process more than 5 ml of bacterial culture. If more 

than 5 ml of culture is processed, the capacity of the Wizard® SV Minicolumn will be exceeded 

and no increase in plasmid yield will be obtained. 

 For low-copy-number plasmids, it may be necessary to process larger volumes of bacterial 

culture (up to 10 ml) for recovery of sufficient DNA. Processing greater than 10 ml of culture will 

lead to insufficient clearing of the bacterial lysate and thus increased contaminants in the plasmid 

DNA. 

Production of a cleared lysate: 

1.  Harvest 1-5 ml (high-copy-number plasmid) or 10 ml (low-copy-number plasmid) of bacterial 

culture by centrifugation for 5 min at 10,000×g in a tabletop centrifuge. Pour off the supernatant 

and blot the inverted tube on a paper towel or tissue paper to remove excess media. 

2.  Add 250 μl of Cell Resuspension Solution and completely resuspend the cell pellet by vortexing 

or pipetting. It is essential to thoroughly resuspend the cells. If they are not already in a 

microcentrifuge tube, transfer the resuspended cells to a sterile 1.5 ml microcentrifuge tube(s). 
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Note: To prevent shearing of chromosomal DNA, do not vortex after Step 2. Mix only by inverting 

the tubes. 

3.  Add 250 μl of Cell Lysis Solution and mix by inverting the tube 4 times (do not vortex). Incubate 

until the cell suspension clears (approximately 1-5 min). 

Note: It is important to observe partial clearing of the lysate before proceeding to addition of the 

Alkaline Protease Solution (Step 4); however, do not incubate for longer than 5 min. 

4.  Add 10 μl of Alkaline Protease Solution and mix by inverting the tube 4 times. Incubate for 5 min 

at room temperature. Do not exceed 5 min of incubation with Alkaline Protease Solution at Step 

4, as nicking of the plasmid DNA may occur. 

5.  Add 350 μl of Neutralization Solution and immediately mix by inverting the tube 4 times (do not 

vortex). 

6.  Centrifuge the bacterial lysate at maximum speed (around 14,000×g) in a microcentrifuge for 10 

min at room temperature. 

Centrifugation protocol for plasmid DNA isolation and purification: 

Prepare plasmid DNA purification units by inserting one Spin Column into one 2 ml Collection 

Tube for each sample. 

1.  Transfer the cleared lysate (approximately 850 μl, previous Step 6) to the prepared Spin Column 

by decanting. Avoid disturbing or transferring any of the white precipitate with the supernatant. 

Note: If the white precipitate is accidentally transferred to the Spin Column, pour the Spin Column 

contents back into a sterile 1.5 ml microcentrifuge tube and centrifuge for another 5-10 min at 

maximum speed. Transfer the resulting supernatant into the same Spin Column that was used initially 

for this sample. The Spin Column can be reused but only for this sample. 

2.  Centrifuge the supernatant at maximum speed (around 14,000×g) in a microcentrifuge for 1 min 

at room temperature. Remove the Spin Column from the tube, and discard the flow-through from 

the Collection Tube. Reinsert Spin Column into Collection Tube. 

3.  Add 750 μl of Column Wash Solution, previously diluted with 95% (v/v) ethanol, to the Spin 

Column. 

4.  Centrifuge at maximum speed in a microcentrifuge for 1 min at room temperature. Remove the 

Spin Column from the tube and discard the flow-through. Reinsert the Spin Column into the 

Collection Tube. 

5.  Repeat the wash procedure using 250 μl of Column Wash Solution. 

6.  Centrifuge at maximum speed (14,000×g) in a microcentrifuge for 2 min at room temperature. 

7.  Transfer the Spin Column to a new, sterile 1.5 ml microcentrifuge tube, being careful not to 

transfer any of the Column Wash Solution with the Spin Column. If the Spin Column has Column 

Wash Solution associated with it, centrifuge again for 1 min at maximum speed (14,000×g). 

8.  Transfer the Spin Column to a new, sterile 1.5 ml microcentrifuge tube. 
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9.  Elute the plasmid DNA by adding 100 μl of Nuclease-Free Water to the Spin Column. Centrifuge 

at maximum speed (14,000×g) for 1 min at room temperature in a microcentrifuge. 

10. After eluting the DNA, remove the assembly from the 1.5 ml microcentrifuge tube and discard the 

Spin Column. 

11. DNA is stable in water without addition of a buffer if stored at -20 °C or below. DNA is stable at 

4 °C in TE buffer. To store the DNA in TE buffer, add 11 μl of 10X TE buffer to the 100 μl of 

eluted DNA. Do not add TE buffer if the DNA is to be used for automated fluorescent 

sequencing. 

12. Determine the concentration and quality of plasmid DNA by 1% (w/v) agarose gel (Appendix-10) 

along with standard DNA markers. 

13. Cap the microcentrifuge tube and store purified plasmid DNA at -20 °C or below. 

Appendix-25 

di-Deoxynucleotide Chain Termination DNA Sequencing 

1) PCR mixture for sequencing: 

 Remove ABI PRISM® Big Dye™ Terminator Cycle Sequencing Ready Reaction Kit (PE Applied 

Biosystems, USA, cat # 4303151) from freezer and place on ice. 

 Thaw on ice not at room temperature (Do not heat). Once thawed, flick tube to mix contents well 

and then centrifuge briefly to collect all the liquid at the bottom of each tube.  

 Whenever possible, thawed materials should be kept on ice during use. 

 Add, in a thin walled PCR tube (0.5 ml), on ice: 

Component 
Volume of component 

(For 20 μl reaction) 
Final concentration 

Template DNA (Plasmid) 3 μl 
350 ng 

Range (200- 500 ng) 

Primer (e.g. M13- forward) 1 μM (1 pmol μl-1) 1 μl 0.05 μM  
(0.05 pmol μl-1)

Big Dye™ Terminator Ready Reaction Mix 6 μl  

Double distilled deionized H
2
O 10 μl  

 Mix well and briefly centrifuge to collect all drops from wall of tube. 

 Overlay the sample with half volume of mineral oil or add an appropriate amount of wax. This 

step may be omitted if thermal cycler is equipped with a heated lid. 

 Place samples in a thermal cycler and start PCR. 

2) PCR profile: The PCR profile is given below:   

1)  Denaturation    96 °C for 1 min (1 cycle) 

2)  Denaturation     96 °C for 10 sec 

3)  Annealing    50 °C for 5 sec           (24 cycles)     

4)  Extension     60 °C for 4 min 
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5)   Hold      10 °C  

Salt precipitation: 

1) To each sequencing reaction tube add: 

   d3H
2
O     80 μl 

  Glycogen     1 μl (Help in DNA precipitation)  

3 M Sodium acetate   2 μl 

Mix well and then add 

  Absolute ethanol   250 μl  

2)  Mix well and leave it at room temperature or on ice for 15 min. 

3)  Spin at 13,400 rpm (12,100×g) for 30 min. 

4) Aspirate the liquid without disturbing the tiny reddish pellet. 

5) Wash pellet with 100-200 μl 70% (v/v) ethanol and spin at 13,400 rpm (12,100×g) for 10-15 min. 

6) Completely aspirate the liquid. 

7) Leave tube open at room temperature (1-2 h) for complete dryness of DNA pellet. 

Note: If the sequencing reaction is not to be loaded on sequencer on the same day, then the dried 

DNA pellet can be stored at -20 °C for future use. 

Sample loading preparation: 

1) After ensuring the complete dryness of DNA pellet, dissolve it in 20 μl of Hi-Di™ Formamide 

(Highly Deionized Formamide) by vortexing for 5 min and then short spin. 

Note: Hi-Di™ Formamide (PE Applied Biosystems, USA, cat # 4311320) is template suppression 

reagent which prevents the entry of template in capillary tube of sequencer and also it does not 

interfere with capillary electrophoresis process during sequencing. Once the DNA pellet is dissolved 

in Hi-Di™ Formamide, it cannot be stored for longer period of time.  

2) Denature the DNA at 95 °C for 2 min. 

3) Chilled the samples on ice for 2 min and spin at 13,400 rpm (12,100×g) for 30 sec to collect 

volume at the bottom of tube. 

4) Transfer the entire volume of sample to sequencer sample tube and cap with grey rubber 

gasket/septum. 

5) Load the samples into ABI PRISM® 310 Genetic Analyzer (PE Applied Biosystems, USA). 

 

Appendix-26 

PCR Mixture and PCR Profile for partial bgl Amplification from pBGL-M Construct 

1) PCR mixture:    

 After thawing on ice, gently vortex and briefly centrifuge all solutions. 

 Add, in a thin walled PCR tube, on ice: 
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Component 
Volume of component 

(For 50 μl reaction) 
Final concentration 

Template DNA (Plasmid) 5 μl 
200 pg 

Range (0.01-1 ng) 

dNTP mix (10 mM) 1 μl 0.2 mM (200 μM each) 

Taq buffer with (NH4)2SO4 (10X) 5 μl 1.0X 

MgCl
2 
(25mM) 4 μl 

2.0 mM 
Range (1-4 mM) 

Forward Primer (β-glu-W-F) 
10 μM (10 pmol μl-1) 

2 μl 
0.4 μM (0.2 pmol μl-1) 

Range (0.1-1 μM) 
Reverse Primer (β-glu-R) 
10 μM (10 pmol μl-1) 

2 μl 
0.4 μM (0.2 pmol μl-1) 

Range (0.1-1 μM) 

Taq polymerase (5 U μl-1) 1 μl 5 U 

Double distilled deionized H
2
O 30 μl  

 Gently vortex sample and briefly centrifuge to collect all drops from wall of tube. 

 Overlay the sample with half volume of mineral oil or add an appropriate amount of wax. This 

step may be omitted if thermal cycler is equipped with a heated lid. 

 Place samples in a thermocycler and start PCR. 

2) PCR profile: 

The PCR profile is given below:   

1) Denaturation     94 °C for 5 min (1 cycle) 

2) Denaturation     94 °C for 1 min 

3) Annealing    55 °C for 1 min      (30 cycles) 

4) Extension     72 °C for 3 min 

5)  Final extension     72 °C for 10 min (1 cycle)  

6) Hold      4 °C  

Analyze the amplified products by electrophoresis on 1% (w/v) agarose gel (Appendix-10) along 

with DNA ladder (Appendix-11). 

Appendix-27 

DNA Extraction from Agarose Gel using GeneJET™ Gel Extraction Kit 

(Fermentas, Lithuania, cat # K0691) 

Protocol: 

1.  Gel slice excision: Excise the gel slice containing the DNA fragment using a clean scalpel or 

sharp razor blade. Cut as close to the DNA as possible to minimize the gel volume. 

Note:  If the purified fragment will be used for cloning reactions, avoid damaging the DNA through 

UV light exposure. Minimize UV exposure to a few seconds or keep the gel slice on a glass or plastic 

plate during UV illumination. 
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2.  Gel slice weighing: Place the gel slice into a pre-weighed 1.5 ml tube and weigh. Record the 

weight of the gel slice. Add 1:1 volume of Binding Buffer to the gel slice (volume:weight) (e.g., 

add 100 μl of Binding Buffer for every 100 mg of agarose gel). 

Note:  For gels with agarose content greater than 2% (w/v), add 2:1 volumes of Binding Buffer to 

the gel slice. 

3.  Gel solubilization: Incubate the gel mixture at 50-60 °C for 10 min or until the gel slice is 

completely dissolved. Mix the tube by inversion every few min to facilitate the melting process. 

Ensure that the gel is completely dissolved. Check the color of the solution. A yellow color 

indicates an optimal pH for DNA binding. If the color of the solution is orange or violet, add 10 μl 

of 3 M sodium acetate, pH 5.2 and mix. The color of the mix will become yellow. 

 Optional: use this step only when DNA fragment is <500 bp or >10 kb long. 

 If the DNA fragment is <500 bp, add a 1:2 volume of 100% isopropanol to the solubilized gel 

solution (e.g. 100 μl of isopropanol should be added to 100 mg gel slice solubilized in 100 μl of 

Binding Buffer). Mix thoroughly. 

 If the DNA fragment is >10 kb, add a 1:2 volume of water to the solubilized gel solution (e.g. 100 

μl of water should be added to 100 mg gel slice solubilized in 100 μl of Binding Buffer). Mix 

thoroughly. 

4.  Cartridge loading: Transfer up to 800 μl of the solubilized gel solution (from step 3) to the 

GeneJET™ purification column. Centrifuge at >12,000×g for 1 min. Discard the flow-through and 

place the column back into the same collection tube. 

Note:  If the total volume exceeds 800 μl, the solution can be added to the column in stages. After 

each application, centrifuge the column for 30-60 sec and discard the flow-through after each spin. 

Repeat until the entire volume has been applied to the column membrane. Do not exceed 1 g of total 

agarose gel per column. 

5.  Optional binding step: Use this additional binding step only if purified DNA will be used for 

sequencing. Add 100 μl of Binding Buffer to the GeneJET™ purification column. Centrifuge at 

>12,000×g for 1 min. Discard the flow-through and place the column back into the same 

collection tube.  

6.  Cartridge wash: Add 700 μl of Wash Buffer (diluted with ethanol as described earlier) to the 

GeneJET™ purification column. Centrifuge at >12,000×g for 1 min. Discard the flow-through and 

place the column back into the same collection tube. 

7. Additional spin: Centrifuge the empty GeneJET™ purification column for an additional 1 min to 

completely remove residual wash buffer.  

Note:  This step is essential to avoid residual ethanol in the purified DNA solution. The presence of 

ethanol in the DNA sample may inhibit downstream enzymatic reactions. 

8. DNA elution: Transfer the GeneJET™ purification column into a clean 1.5 ml microcentrifuge 

tube.  
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 Add 20-50 μl of Elution Buffer or sterile distilled water to the center of the purification column 

membrane. Centrifuge at >12,000×g for 1 min. 

Note: For low DNA amounts the elution volumes can be reduced to increase DNA concentration. 

An elution volume between 20-50 μl does not significantly reduce the DNA yield. However, elution 

volumes less than 10 μl are not recommended. 

If DNA fragment is >10 kb, pre-warm Elution Buffer to 65 °C before applying to column. 

If the elution volume is 10 μl and DNA amount is ≤5 μg, incubate column for 1 min at room 

temperature before centrifugation. 

9. Elution confirmation: For confirmation of DNA elution and determination of its concentration 

as well as size, run 4-5 μl of DNA solution on 1% (w/v) agarose gel. 

10. DNA storage: Discard the GeneJET™ purification column and store the purified DNA at -20 °C. 

Appendix-28 

Ligation of PCR Amplified Partial bgl (pbgl) in pTZ57R/T Vector 

L-1 (μl)  L-2 (μl)  L-3 (μl)  

Vector (pTZ57R/T)   2.0   2.0   2.0  

Insert (PCR product)   2.0   4.0   6.0  

T4 DNA ligase buffer (10X)  2.0   2.0   2.0  

Polyethylene glycol (PEG 4000)  2.0   2.0   2.0  

T4 DNA Ligase    1.0   1.0  1.0  

d3H
2
O      11.0   9.0   7.0  

Total volume    20.0   20.0   20.0 

 Vortex microcentrifuge tubes briefly and centrifuge for 3-5 sec. 

 Cover the microcentrifuge tubes with parafilm and incubate the ligation mixture at room 

temperature (22 °C) for 1 h. If maximal number of transformants is required, incubate overnight 

at 4 °C or 16 °C. 

 Use 2.5-5.0 μl of the ligation mixture directly for bacterial transformation. 

Appendix-29 

Double Restriction/Digestion Reactions for pBGL-M2810 and pPIC9K-BGL Constructs 

Ist Digestion: 

Component              Volume (μl) of component  
     (For 20 μl reaction)                                   

10X Buffer Tango™ Yellow (Y)   2.0 (1X)            

SnaBI (Eco1051) (10 U μl-1) 1.0     

DNA (Plasmid) 5.0    

RNase A (20 mg ml-1)  2.0    

d
3
H

2
O  10.0    
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 Place the digestion mixtures at 37 °C in an incubator for (1-16 h) or overnight and then load a 

portion of it (3 μl) on 1% (w/v) agarose gel to confirm complete digestion. 

Precipitate the digested DNA from the remaining digestion mixture by Phenol-chloroform (Appendix-

30) and digest again as follows. 

2nd Digestion: 

Component              Volume (μl) of component  
     (For 20 μl reaction)                                   

10X Buffer Orange (O)   2.0 (1X)            

NotI (10 U μl-1) 1.0     

DNA (Plasmid) 15.0    

RNase A (20 mg ml-1)  2.0    

d
3
H

2
O            ----- 

 Place the digestion mixtures at 37 °C in an incubator for (1-16 h) or overnight and then load 

complete digestion mixture on 1% (w/v) agarose gel to confirm complete digestion. Elute the desired 

band from the agarose gel using GeneJET™ Gel Extraction Kit (Fermentas, Lithuania, cat # K0691) as 

described in Appendix-27. 

Note: SnaBI is sensitive to Phenol:Chloroform precipitated DNA and does not digest it completely, 

therefore always first digest the DNA with SnaBI and then with NotI (not vice versa). 

Appendix-30 

Phenol-Chloroform Precipitation 

1.  Add sterile distilled H
2
O (183 μl) in remaining digestion mixture (17 μl) to make up volume to 

200 μl.  

2.  Add equal volume of Phenol:Chloroform (200 μl) and mix it for 1-2 min.  

3.  Centrifuge for 5-6 min at 13,400 rpm (12,100×g) in minispin (Eppendorf).  

4.  Take supernatant in fresh tube and add 1/10th volume of 3 M sodium or potassium acetate, pH 4.8-

5.2 (8-10 μl ) and 2.5 volume chilled absolute (100%) ethanol (800-1,000 μl).  

6.  Put in Freezer at -20 °C for 15-30 min. 

7.  Centrifuge for 10 min at 13,400 rpm (12,100×g).  

8.  Discard the supernatant.  

9.  Wash the pellet with 70% (v/v) ethanol (100 μl), spin for 2 min at 13,400 rpm (12,100×g). 

10. Discard the ethanol and dry the pellet. 

11. Dissolve the pellet in appropriate volume (15 μl) of sterile double distilled H
2
O or TE buffer. 

12. Determine the concentration and quality of DNA by 1% (w/v) agarose gel (Appendix-10) along 

with standard DNA marker. 
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Appendix-31 

Map, Features and MCS Sequence of pPIC9K Cloning and Expression Vector  

(Multi-Copy Pichia Expression Kit, Invitrogen, USA, cat # K1750-01) 

Map of pPIC9K: 

 

MCS sequence: 

 



Chapter 06                                                                                                              Appendices 

  

Appendix-32  

Ligation of 2810 bp Fragment of bgl (pbgl) in pPIC9K Vector 

L-1 (μl)  L-2 (μl)  L-3 (μl)  

Vector (pPIC9K, SnaBI/NotI digested)  3.0   2.0   2.0  

Insert (SnaBI/NotI digested)   3.0   4.0   1.0  

T4 DNA ligase buffer (10X)   2.0   2.0   2.0  

T4 DNA Ligase     1.0   1.0  1.0  

d3H
2
O       11.0   11.0   14.0  

Total volume     20.0   20.0   20.0 

 Vortex microcentrifuge tubes briefly and centrifuge for 3-5 sec. 

 Cover the microcentrifuge tubes with parafilm and incubate the ligation mixture at room 

temperature (22 °C) for 1 h. If maximal number of transformants is required, incubate overnight 

at 4 °C or 16 °C. 

 Use 2.5-5.0 μl of the ligation mixture directly for bacterial transformation. 

Appendix-33 

PCR Mixture and PCR Profile for partial bgl Amplification from pPIC9K-BGL  

1) PCR mixture:    

 After thawing on ice, gently vortex and briefly centrifuge all solutions. 

 Add, in a thin walled PCR tube, on ice: 

Component 
Volume of component 

(For 50 μl reaction) 
Final concentration 

Template DNA (Plasmid) 5 μl 
200 pg 

Range (0.01-1 ng) 

dNTP mix (10 mM) 1 μl 0.2 mM (200 μM each) 

Taq buffer with (NH4)2SO4 (10X) 5 μl 1.0X 

MgCl
2 
(25 mM) 4 μl 

2.0 mM 
Range (1-4 mM) 

Alpha Factor-F 10 μM (10 pmol μl-1) 1 μl 0.2 μM (0.2 pmol μl-1) 
Range (0.1-1 μM)

Gene specific-R 10 μM (10 pmol μl-1) 1 μl 0.2 μM (0.2 pmol μl-1) 
Range (0.1-1 μM)

Taq polymerase (5 U μl-1) 1 μl 5 U 

Double distilled deionized H
2
O 32 μl  

 Gently vortex sample and briefly centrifuge to collect all drops from tube walls. 

 Overlay the sample with half volume of mineral oil or add an appropriate amount of wax. This 

step may be omitted if thermal cycler is equipped with a heated lid. 

 Place samples in a thermocycler and start PCR. 
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2) PCR profile: 

The PCR profile is given below:   

1) Denaturation     94 °C for 5 min (1 cycle) 

2) Denaturation     94 °C for 1 min 

3) Annealing    54 °C for 1 min                 (30 cycles) 

4) Extension     72 °C for 1 min 30 sec 

5)  Final extension     72 °C for 10 min (1 cycle)  

6) Hold      4 °C  

 Analyze the amplified products by electrophoresis on 1% (w/v) agarose gel (Appendix-10) along 

with DNA ladder (Appendix-11). 

 

Appendix-34 

YPD or YEPD (Yeast Extract Peptone Dextrose) Medium and ± Geneticin® Plates 

A) YPD or YEPD Medium (DSM-catalogue of strains, 1989; method 393): 

Reagents:     

Yeast extract   1% (w/v) 

Peptone    2% (w/v) 

Dextrose (Glucose)  2% (w/v) 

pH    6.5 (optional) 

Stock solutions: 

1) 10X D (20% w/v Dextrose): 

Dissolve 200 g of D-glucose in 1,000 ml of water. Autoclave for 15 min or filter sterilize. The 

shelf life of this solution is approximately one year. 

Protocol for liquid medium: 

1. For 1 liter medium, dissolve 10 g yeast extract and 20 g of peptone in 900 ml of water.  

2.  Autoclave for 20 min on liquid cycle. 

3.  Aseptically add 100 ml of 10X D.  

 The liquid medium is stored at room temperature. The shelf life is several months. 

B) YPD or YEPD ± Geneticin® plates: 

Reagents:     

  Yeast extract   1% (w/v) 

  Peptone    2% (w/v) 

  Dextrose (glucose)  2% (w/v) 

  pH    6.5 (optional) 

  Agar    2% (w/v) 

  Geneticin® (G418 sulfate) ± Variable amounts (Appendix-36) 
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Protocol for plates: 

For 250 ml (8 to 10 plates of a single Geneticin® concentration): 

1.  For 250 ml medium, combine 2.5 g yeast extract, 5 g peptone and 5 g agar in 225 ml deionized 

water. 

2.  Autoclave for 20 min on liquid cycle. 

3.  Aseptically add 25 ml of 10X D and mix well. 

4.  Cool YPD to approximately 55-60 °C and aseptically add appropriate volume of Geneticin® stock 

(Appendix-36). Remember to make several YPD plates without Geneticin®. 

5.  Mix well by swirling, but be careful to minimize bubble formation. 

6.  Pour agar solution into 10 cm Petri plates. Let plates harden, invert and store bagged at 4 °C. 

Plates are stable for at least 6 months. 

Appendix-35 

Pichia pastoris GS115 Electro-competent Cell Preparation (Scorer et al., 1994) 

Protocol: 

1.  Grow 5 ml of Pichia pastoris GS115 (Genotype his4; Phenotype Mut+) in YPD medium 

(Appendix-34) in a 50 ml conical flask at 30 °C overnight. 

2.  Inoculate 500 ml of fresh medium in a 2 liter flask with 0.1-0.5 ml of the overnight culture. Grow 

overnight again to an OD600 = 1.3-1.5 (1 OD600 = ~5×107 cells ml-1). 

3.  Centrifuge the cells at 8,000 rpm (>1,500×g) for 10 min at 4 °C. Re-suspend the pellet with 500 

ml of ice-cold, sterile water. 

4.  Centrifuge the cells as in Step 3 and then re-suspend the pellet with 250 ml of ice-cold, sterile 

water. 

5.  Centrifuge the cells as in Step 3 and then re-suspend the pellet in 20 ml of ice-cold 1 M sorbitol. 

5.  Centrifuge the cells as in Step 3 and then re-suspend the pellet in 1 ml of ice-cold 1 M sorbitol for 

a final volume of approximately 1.5 ml. 

Note: May freeze the electro-competent cells in 80 μl aliquots at -80 °C; however the transformation 

efficiencies will decrease significantly. 

 

 

Appendix-36 

Geneticin® (100 mg ml-1) Stock Solution Preparation 

 Prepare 30 ml of 100 mg ml-1 Geneticin® stock solution (G418 Sulfate, Invitrogen, USA, cat 

#11811-098) in sterile water. Filter sterilize and store frozen at -20 °C. This solution can be used to 

make YPD or any other medium plates containing Geneticin® at final concentrations of 0.25, 0.5, 

0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 3.0, and 4.0 mg ml-1. 
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Final [Geneticin®] (mg ml-1) 
ml Geneticin® stock 

per 250 ml YPD medium 

0.25 0.625 

0.50 1.250 

0.75 1.875 

1.00 2.500 

1.25 3.125 

1.50 3.750 

1.75 4.375 

2.00 5.000 

3.00 7.500 

4.00 10.00 

Appendix-37 

Restriction/Digestion Reaction for Construct pPIC9K-BGL and Parent Vector pPIC9K   

Digest both construct and the parent vector. The parent vector will be transformed into GS115 and 

will be used as a background control for expression. 

Component              Volume (μl) of component  
     (For 100 μl reaction) 

10X Buffer Tango™ Yellow (Y) 10.0 (1X)            
DraI (10 U μl-1) 1.0     

DNA (Plasmid) 50.0 (12 μg)    

RNase A (20 mg ml-1)  2.0    

d
3
H

2
O  37.0   

1. Place the digestion mixtures at 37 °C in an incubator overnight and then load a portion of it (3 μl) 

on 1% (w/v) agarose gel to confirm complete digestion. The number of transformants and 

frequency of targeting will be reduced if digestion is not complete. 

2.  Extract the digest with Phenol:Chloroform:Isoamyl alcohol (25:24:1) or Phenol:Chloroform 

(Appendix-30) and ethanol precipitate the digested DNA. 

3. Resuspend DNA pellet in 5-10 μl of sterile d3H2O. It is not necessary to purify the fragment 

containing your gene away from the rest of the plasmid. 

4.  Store at -20 °C until ready to transform. 

Appendix-38 

Gene Replacement at AOX1 in Pichia pastoris GS115 

In a his4 strain such as GS115, a gene replacement (omega insertion) event arises from a double 

crossover event between the AOX1 promoter and 3´ AOX1 regions of the vector and genome. This 

results in the complete removal of the AOX1 coding region (i.e. gene replacement). The resulting 
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phenotype is His+ MutS. His+ transformants can be readily and easily screened for their Mut 

phenotype, with MutS serving as a phenotypic indicator of integration via gene replacement at the 

AOX1 locus. The net result of this type of gene replacement is a loss of the AOX1 locus (MutS) and the 

gain of an expression cassette containing PAOX1, gene of interest, and HIS4. The figure below shows a 

gene replacement event at the AOX1 locus. 

 

Appendix-39 

Electroporation of Electro-competent Cells of Pichia pastoris GS115 

1. Place electroporation cuvettes 0.2 cm (2 mm) gap on ice. Allow the frozen aliquots of Pichia 

pastoris GS115 electro-competent cells (80 μl) to thaw on ice. 

2. Mix 80 μl of the cells with 10 μg (Range 5-20 μg) of linearized DNA (Appendix-37) in 5-10 μl of 

sterile d3H2O and transfer them to ice-cold 0.2 cm (2 mm) electroporation cuvette. 

3. Incubate the cuvette with the cells on ice for 5 min. 

4. Adjust the electroporator e.g. Electro Cell Manipulator 600 (BTX Electroporation System 

Harvard Apparatus, USA) at the following settings: 

  Electroporation Settings: 

  Mode: T    2.5 kV 

  Capacitance: C    Default setting is 50 μF in HV (High Voltage) 

  Resistance: R    R6 (186 ohm) 

  Charging Voltage: S   1.44 kV (2 mm gap) 

  Field Strength: E  7.5 kV cm-1 

  Pulse Length: t    9 msec 

(or pulse the cells according to the parameters for yeast (Sacharomyces cerevisiae) suggested by the 

manufacturer of the specific electroporation device being used. 

5. Immediately add 1 ml of ice-cold 1 M sorbitol to the cuvette (inclusion of 1 M sorbitol doubles 

the transformation efficiencies; but also leads to inhibition of growth). Transfer the cuvette 

contents to a sterile microcentrifuge tube. 

6. Incubate at 28 °C without shaking for 1-2 h and/or directly spread 200-600 μl aliquots on MD or 

MD-0.5G (Appendix-40) plates. 
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7.  After the liquid is completely absorbed, seal the plates with parafilm and incubate at 28-30 °C 

until colonies appear (2-3 days on MD; 2-5 days on MD-0.5G plates).  

Appendix-40 

MD & MDH (Minimal Dextrose ± Histidine); MGY& MGYH (Minimal Glycerol ± Histidine); 

MM & MMH (Minimal Methanol ± Histidine) Media ± Geneticin® Plates 

Stock solutions: 

1) 10X YNB (13.4% w/v Yeast Nitrogen Base with Ammonium sulfate without amino acids): 

Dissolve 134 g of yeast nitrogen base (YNB) with ammonium sulfate and without amino acids 

(Invitrogen, USA, cat # Q300-07) in 1,000 ml of water and filter sterilize. Heat the solution to 

dissolve YNB completely in water. Store at 4 °C. Alternatively, use 34 g of YNB (without ammonium 

sulfate and amino acids) and 100 g of ammonium sulfate. The shelf life of this solution is 

approximately one year.  

Note: Pichia cells exhibit optimal growth with higher YNB concentrations; therefore, the amount of 

YNB used is twice as concentrated as YNB formulations for Saccharomyces. 

2) 500X B (0.02% w/v Biotin): 

Dissolve 20 mg biotin in 100 ml of water and filter sterilize. Store at 4 °C. The shelf life of this 

solution is approximately one year. 

3) 10X D (20% w/v Dextrose) for MD and MDH media: 

 Dissolve 200 g of D-glucose in 1,000 ml of water. Autoclave for 15 min or filter sterilize. The 

shelf life of this solution is approximately one year. 

4) 10X GY (10% v/v Glycerol) for MGY and MGYH media: 

 Mix 100 ml of glycerol with 900 ml of water. Autoclave for 15 min or filter sterilize. Store at 

room temperature. The shelf life of this solution is greater than one year. 

5) 10X M (5% v/v Methanol) for MM and MMH media: 

 Mix 5 ml of methanol with 95 ml of water. Filter sterilize and store at 4 °C. The shelf life of this 

solution is approximately two months. 

6) 100X H (0.4% w/v Histidine) for MDH, MGYH and MMH media: 

 Dissolve 400 mg of L-histidine in 100 ml of water. Heat the solution, if necessary, to no greater 

than 50 °C in order to dissolve. Filter sterilize and store at 4 °C. The shelf life of this solution is 

approximately one year. 

7) 100 mg ml-1 Geneticin®: 

 Prepare 30 ml of 100 mg ml-1 Geneticin® stock solution (G418 Sulfate, Invitrogen, USA, cat 

#11811-098) in sterile water. Filter sterilize and store frozen at -20 °C. 

Reagents: 

1) Yeast Nitrogen Base (YNB) 1.34% (w/v) 

2) Biotin (B)  0.00004% (w/v) 

3) Dextrose (D-Glucose)  2% (w/v) 
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or Glycerol (GY)   1% (v/v) 

or Methanol (M)   0.5% (v/v) 

4) Histidine (H)   ±0.004% (w/v) 

Protocol: 

1.  For 1 liter medium, autoclave 800 ml of water for 20 min on liquid cycle. 

2.  Cool autoclaved water to about 60 °C and then aseptically add: 

  100 ml of 10X YNB 

  2 ml of 500X B 

  100 ml of 10X D or 100 ml 10X GY or 100 ml of 10X M 

3. For growth of his4 strains to make MDH/MGYH/MMH, in above ingredients aseptically add 10 

ml of 100X H stock solution. Mix and store at 4°C. 

4. For plates, add 15 g agar to the water in Step 1 and proceed.  

5. After mixing, pour the medium immediately into 10 cm Petri plates. All media plates store well 

for several months at 4 °C. 

Plates with Geneticin®: 

1.  Make any medium as above. 

2.  Let cool to ~55-60 °C and then aseptically add appropriate volume of Geneticin® stock 

(Appendix-36) to have final Geneticin® concentration of 0.5 mg ml-1. Pour into 10 cm Petri plates. 

Let the plates harden, then invert and store at 4 °C. Plates are stable for at least 6 months. 

Appendix-41 

BMG, BMM, BMGY and BMMY Media 

Stock solutions: 

1) 10X YNB (13.4% w/v Yeast Nitrogen Base with Ammonium sulfate without amino acids): 

2) 500X B (0.02% w/v Biotin): 

3) 10X GY (10% v/v Glycerol) for BMG and BMGY media:  

4)  10X M (5% v/v Methanol) for BMM and BMMY medium: 

 The composition of above stock solutions (1-4) are same as described in Appendix-40. 

5)  1 M Potassium phosphate buffer, pH 6.0: 

 Combine 132 ml of 1 M K2HPO4, 868 ml of 1 M KH2PO4 and confirm that the pH is 6.0 ± 0.1 (if 

the pH needs to be adjusted, use phosphoric acid or KOH). Sterilize by autoclaving and store at room 

temperature. The shelf life of this solution is greater than one year. 

A) BMG and BMM (Buffered Minimal Glycerol and Buffered Minimal Methanol) media: 

Reagents: 

  Potassium phosphate, pH 6.0  100 mM 

  Yeast Nitrogen Base (YNB)  1.34% (w/v) 

  Biotin (B)    0.00004% (w/v) 

  Glycerol (GY)    1% (v/v) 
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 or Methanol (M)    0.5% (v/v) 

Protocol: 

1.  For 1 liter medium, autoclave 700 ml of water for 20 min on liquid cycle. 

2.  Cool autoclave water to room temperature; aseptically add followings, mix well: 

  100 ml 1 M Potassium phosphate buffer, pH 6.0 

  100 ml 10X YNB 

  2 ml 500X B 

  100 ml 10X GY (For BMM, aseptically add 100 ml 10X M instead of GY) 

3.  Store media at 4 °C. The shelf life of this solution is approximately two months. 

B) BMGY and BMMY (Buffered Glycerol-complex and Buffered Methanol-complex) media: 

Reagents: 

  Yeast extract   1% (w/v) 

  Peptone   2% (w/v) 

  Potassium phosphate, pH 6.0  100 mM 

  Yeast Nitrogen Base (YNB)  1.34% (w/v) 

  Biotin (B)    0.00004% (w/v) 

  Glycerol (GY)    1% (v/v) 

 or  Methanol (M)    0.5% (v/v) 

Protocol: 

1.  For 1 liter medium, dissolve 10 g of yeast extract, 20 g peptone in 700 ml water. 

2.  Autoclave 20 min on liquid cycle. 

3.  Cool to room temperature, then aseptically add the following and mix well: 

  100 ml 1 M Potassium phosphate buffer, pH 6.0 

  100 ml 10X YNB 

  2 ml 500X B 

  100 ml 10X GY (For BMMY, aseptically add 100 ml 10X M instead of GY) 

4.  Store media at 4 °C. The shelf life of this solution is approximately two months. 

Appendix-42 

Direct PCR Screening of Pichia Clones (Linder et al., 1996) 

Protocol: 

1.  Place 10 μl of a Pichia pastoris culture into a 1.5 ml microcentrifuge tube. For relatively dense 

cultures, dilute 1 μl of the culture into 9 μl sterile water. Alternatively, pick a single colony and 

resuspend in 10 μl of sterile water. 

2.  Optional: Add 5 μl of a 5 U μl-1 solution of Zymolyase™ (Zymo Research, USA, cat # E1002) and 

incubate at 30 °C for 10 min. 

3.  Freeze the sample at -80 °C for 10 min or immerse in liquid nitrogen for 1 min. 

4.  Set up a 50 μl PCR for a hot start as follows: 
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Component 
Volume of component 

(For 50 μl reaction) 
Final concentration 

Cell lysate 5 μl 
~ 200 ng 

Range (0.1-1 μg) 

dNTP mix (10 mM) 1 μl 0.2 mM (200 μM each) 

Taq buffer with (NH4)2SO4 (10X) 5 μl 1.0X 

MgCl
2 
(25mM) 4 μl 

2.0 mM 
Range (1-4 mM) 

Alpha Factor-F 10 μM (10 pmol μl-1) 1 μl 
0.2 μM (0.2 pmol μl-1) 

Range (0.1-1 μM) 

Gene specific-R 10 μM (10 pmol μl-1) 1 μl 
0.2 μM (0.2 pmol μl-1) 

Range (0.1-1 μM) 

Taq polymerase (5 U μl-1) 1 μl 5 U 

Double distilled deionized H
2
O 32 μl  

5.  Mix the solution and overlay with 20 μl of mineral oil (if required). 

6.  Place the solution in the thermocycler and incubate at 95 °C for 5 min. 

7.  Cycle 30 times using the following PCR profile: 

PCR profile: 

1) Denaturation     95 °C for 5 min (1 cycle) 

2) Denaturation     95 °C for 1 min 

3) Annealing    54 °C for 1 min   (30 cycles) 

4) Extension     72 °C for 1 min 30 sec 

5)  Final extension     72 °C for 10 min (1 cycle)  

6) Hold      4 °C  

Analyze a 10 μl aliquot of amplified products by electrophoresis on 1% (w/v) agarose gel 

(Appendix-10) along with DNA ladder (Appendix-11). 

Appendix-43 

CTAB Method for Isolating Total Genomic DNA (Doyle and Doyle, 1990) 

Reagents:  

2X CTAB:  

  CTAB     2% (w/v) 

  Tris (pH 8.0)     100 mM  

  EDTA (pH 8.0)     20 mM 

  NaCl      1.4 M 

  PVP (Polyvinylpyrrolidone)   1% (w/v) 

  β-Mercaptoethanol (optional)  1% (v/v; Added just before use) 
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Protocol: 

1. Preheat the sterilized (autoclaved) 2X CTAB (Cetyl tri-methyl ammonium bromide) containing β-

mercaptoethanol in water-bath at 65 °C for 30 min.  

2. Take 1-2 g of cells (ground in liquid nitrogen using sterile pestle and mortar) in sterile 50 ml 

falcon tube and add 15 ml 2X CTAB. (Alternatively take fresh cells and first slightly grind them 

in 5 ml of preheated 2X CTAB using sterile pestle and mortar. Transfer them to sterile 50 ml 

falcon tube and bring the volume to 15 ml with preheated 2X CTAB). 

3.  Incubate the tubes at 65 °C for 30 min with occasional swirling.  

4.  Add equal volume (15 ml) of Chloroform:Isoamyl alcohol (24:1) and mix gently.  

5. Centrifuge at 8,000 rpm (6,080×g) for 15 min at 4 °C or at room temp. Take the upper phase in a 

fresh 50 ml falcon tube and add 0.6th volume of ice-cold isopropanol (15-18 ml).  

6. Incubate at 4 °C for 30 min and then centrifuge at 8,000 rpm (6,080×g) for 15 min at 4 °C or 

room temp. Decant the supernatant. 

7. Wash the pellet with 5 ml absolute ethanol and then 3 ml of 70% (v/v) ethanol. Each time 

centrifuge at 8,000 rpm (6,080×g) for 5 min at 4 °C or at room temp.   

8.  Discard the supernatant and air dry the pellet in laminar air flow.  

9. Dissolve the pellet in 500 μl double distilled sterile water. 

10. Analyze the isolated DNA by agarose gel electrophoresis (Appendix-10). 

Note:  If a lot of degraded RNA is there and creating any problem, then it can be removed by 

DNase-free RNase A (10 mg ml-1) treatment (Add RNase A to final concentration of 100 μg ml-1 and 

incubate overnight at 37 °C) and phenol chloroform precipitation of DNA (Appendix-30). 

Appendix-44 

Genomic PCR Analysis of Pichia Integrants 

1) PCR mixture:    

 After thawing on ice, gently vortex and briefly centrifuge all solutions. 

 Add, in a thin walled PCR tube, on ice: 

Component 
Volume of component 

(For 50 μl reaction) 
Final concentration 

DNA (Genomic) 5 μl 
~ 200 ng 

Range (0.1-1 μg) 

dNTP mix (10 mM) 1 μl 0.2 mM (200 μM each) 

Taq buffer with (NH4)2SO4 (10X) 5 μl 1.0X 

MgCl
2 
(25mM) 4 μl 

2.0 mM 
Range (1-4 mM) 

Alpha Factor-F 10 μM (10 pmol μl-1) 1 μl 
0.2 μM (0.2 pmol μl-1) 

Range (0.1-1 μM) 
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Gene specific-R or 3΄ AOX1-R 10 μM 
(10 pmol μl-1) 

1 μl 
0.2 μM (0.2 pmol μl-1) 

Range (0.1-1 μM) 

Taq polymerase (5 U μl-1) 1 μl 5 U 

Double distilled deionized H
2
O 32 μl  

 For amplification controls, use 100 ng of recombinant plasmid (positive control) and 100 ng of 

the appropriate plasmid without insert (negative control). 

 Gently vortex sample and briefly centrifuge to collect all drops from tube walls. 

 Overlay the sample with half volume of mineral oil or add an appropriate amount of wax. This 

step may be omitted if thermal cycler is equipped with a heated lid. 

 Place samples in a thermocycler and start PCR. 

PCR profile: 

1)  Denaturation     95 °C for 5 min (1 cycle) 

2)  Denaturation     95 °C for 1 min 

3)  Annealing    56 °C for 1 min                       (25 cycles) 

4)  Extension     72 °C for 1 min 30 sec 

5)   Final extension     72 °C for 10 min (1 cycle)  

6)  Hold      4 °C  

Analyze a 10 μl aliquot of amplified products by electrophoresis on 1% (w/v) agarose gels 

(Appendix-10) along with DNA ladder (Appendix-11). 

Appendix-45 

Dot Blot and Southern Blot (Hybridization) Analysis (Sambrook et al., 1989; Brown, 1999) 

Reagents/Solutions: 

1) 20X SSC, pH 7.0 (Transfer buffer stock): 

  Sodium chloride   3 M 

  Sodium citrate    0.3 M 

 Dissolve 175.3 g Sodium chloride and 88.2 g Sodium citrate in 800 ml of distilled H2O. Adjust 

the pH with HCl/NaOH to 7.0 and bring volume to 1 liter. 

2) Depurination solution: 

  HCl     0.2 N 

 Add 10.4 ml of concentrated HCl (37%) to distilled H2O and bring volume to 500 ml. 

3) Denaturation solution, pH 7.4: 

  NaOH     0.5 M 

  NaCl     1.5 M 

 Dissolve 20 g NaOH and 87.7 g NaCl in 800 ml of distilled H2O. Adjust the pH with HCl/NaOH 

to 7.4 and bring volume to 1 liter. 
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4) Neutralization solution, pH 7.4: 

  Tris     0.5 M 

  NaCl     1.5 M 

 Dissolve 60.57 g Tris and 87.7 g NaCl in 800 ml of distilled H2O. Adjust the pH with HCl/NaOH 

to 7.4 and bring volume to 1 liter. 

5) 10% (w/v) SDS solution: 

 Dissolve 10 g of SDS in distilled H2O and bring volume to 100 ml. 

6) 50X Denhardt’s solution: 

  Bovine serum albumin (BSA)  1% (w/v) 

  Ficoll     1% (w/v) 

  Polyvinylpyrrolidone (PVP)  1% (w/v) 

 Dissolve 1 g Bovine serum albumin, 1 g Ficoll and 1 g Polyvinylpyrrolidone in distilled H2O. 

Bring volume to 100 ml. Filter it (if required) and store at -20 °C. 

7) Denatured, Fragmented DNA: 

 Make a stock solution of Calf thymus DNA (10 mg ml-1) by dissolving DNA in distilled H2O. Stir 

for 2-4 h at room temperature. Determine the OD260 and calculate exact concentration. Make aliquots 

and store at -20 °C. Before use, denature the DNA at 95-100 °C for 5 min and chill on ice. Add the 

denatured DNA to Pre-hybridization solution to have a final concentration of 50-100 μg ml-1. 

8) Pre-hybridization solution:  For 60 ml Final Concentration 

  20X SSC    18 ml   6X 

  50X Denhardt’s solution  6 ml  5X 

  10% (w/v) SDS    3 ml  0.5% (w/v) 

  Deionized formamide   30 ml  50% (v/v) 

  Denatured, fragmented DNA  Variable  50-100 μg ml-1   

Protocol:  

A) Preparation of Dot blot:  

1. For Dot blot hybridization, spot the genomic DNA (15 μg) on nylon membrane using Bio-Dot 

Apparatus (Bio-Rad, USA, cat # 170-6545). 

2. Crosslink the DNA with membrane under UV transilluminator by irradiating for 2-3 min (e.g. 

UVP CL-1000 Ultraviolet Crosslinker, USA) at 120 mJ cm-2 energy and 254 nm wavelength. 

3. Process the membrane as will be described in next sections for gel (C-H) from denaturation step 

(Step 3) to onward (except steps 5-15). 

B) Restriction/Digestion of genomic DNA from recombinant and non-recombinant P. pastoris:  

Component              Volume (μl) of component  
               (For 20 μl reaction) 

10X Buffer SacI       2.0 (1X)            

SacI (10 U μl-1) 2.0     
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DNA (Genomic) 8.0 (12 μg)    

d
3
H

2
O  8.0   

Place the digestion mixtures at 37 °C in an incubator overnight and then resolve the digested 

DNA on 0.7% (w/v) agarose gel supplemented with ethidium bromide at 50 V in 0.5X TAE buffer for 

8-9 h, until the tracking dye reaches to the bottom of the gel. Take DNA image (photograph gel) 

under UV light in gel documentation apparatus. 

C) Preparation of blot for Southern hybridization: 

1.  Digest the DNA samples with appropriate restriction enzyme(s); run in an agarose gel with 

appropriate DNA size markers, stain with ethidium bromide (as described earlier) and photograph 

with a fluorescence ruler laid alongside the gel so that band positions can later be identified on the 

membrane. The gel should contain the minimum agarose concentration needed to resolve bands in 

the area of interest and should preferably be ≤7 mm thick. Therefore, trim away any unused areas 

of gel by accessing from gel photograph. Cut off the bottom left hand corner of the gel, as a 

reference of gel orientation. Rinse the gel in distilled H
2
O and transfer to a clean glass dish (plane 

bottom). 

2. Wear gloves and depurinate the DNA by soaking the gel in several volumes (~10 volumes) of 

Depurination solution. Shake slowly on a platform shaker for 10-15 min (not more) at room 

temperature and pour off depurination solution. Briefly rinse the gel with deionized distilled H
2
O.  

3. Denature the DNA by soaking the gel for 15-30 min in several volumes (~10 volumes) of 

Denaturation solution at room temperature with slow shaking on a platform shaker. Replace with 

fresh denaturation solution and shake for a further 20 min. 

4. Pour off the denaturation solution. Rinse the gel with de-ionized distilled H
2
O and then neutralize 

it by soaking for 15-30 min in several volumes (~10 volumes) of Neutralization solution at room 

temperature with slow shaking on a platform shaker. Replace with fresh Neutralization solution 

and shake for a further 20 min.  

Set up the assembly for DNA transfer by capillary method: 

5. Using figure available on next page as a guide (Fig-A), place an oblong sponge, slightly larger 

than the gel, in a glass or plastic dish (if necessary, use two or more sponges placed side by side). 

Fill the dish with enough 5X SSC (Transfer buffer) to leave the soaked sponge about half-

submerged in buffer [The sponge forms the support for the gel. Any commercial sponge will do 

the job; before a sponge is used for the first time, it should be washed thoroughly with distilled 

water to remove any detergents that may be present. As an alternative, use a solid support with 

wicks made out of Whatman 3MM filter paper (Fig-B). An electrophoresis tank should not be 

used, as the high-salt transfer buffer will corrode the electrodes]. 

6.  Cut three pieces of Whatman 3MM paper to the same size as that of the sponge. Place these on 

the sponge and wet them with 5X SSC. 
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7.  Place the gel (inverted, loading well side down) on the filter paper and squeeze out air bubbles by 

rolling a glass pipette over the surface or by gloved fingers. 

8.  Cut four strips of plastic wrap or saran wrap and place over the edges of the gel. 

9. Cut a piece of Amersham Hybond™-N+ nylon membrane (GE Healthcare, USA cat # RPN303B) 

just large enough to cover the exposed surface of the gel. Pour distilled water or 5X SSC ~0.5 cm 

deep in a glass dish and wet the membrane by placing it on the surface of the water. Allow the 

membrane to submerge and then leave for 5 min. Avoid handling membrane even with gloved 

hands. Use clean blunt-ended forceps instead. 

10. Place the wetted membrane on the surface of the gel. Try to avoid getting air bubbles under the 

membrane; remove any that appear by carefully rolling a glass pipette over the surface. For blots 

of substantial amounts of plasmid or other very-low-complexity DNA, it is important to lay the 

membrane down precisely the first time, as detectable transfers can take place almost immediately 

and moving the membrane may cause “mobile” bands as streaks on the autoradiograph. 

 

11. Flood the surface of the membrane with 5X SSC. Cut five sheets of Whatman 3MM paper to the 

same size as membrane and place these on top of membrane. 

12. Cut paper towels to the same size as the membrane and stack these on top of the Whatman 3MM 

papers to a height of ~4 cm. 

13. Lay a glass plate on top of the structure and place a weight on top to hold everything in place. 

Leave overnight. The weight should be sufficient to compress the paper towels to ensure good 

contact throughout the stack. Excessive weight, however, will crush the gel and retard transfer. 

An overnight transfer is sufficient for most purposes. Extend the transfer time if the gel 

concentration is >1%, or transfer of fragments >20 kb is desired. Make sure that the reservoir of 
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5X SSC does not run dry during the transfer. If the gel contains large amounts of DNA, high 

transfer efficiencies may not be required and shorter transfer times (~1 hr) may be used. 

Disassemble the transfer pyramid: 

14. Remove the paper towels and filter papers. Carefully turn the gel along with membrane up and 

mark in pencil the position of the wells on the membrane and ensure that the up-down and back-

front orientations are recognizable (Pencil is preferable to pen, as ink marks may wash off the 

membrane during hybridization). An alternative for a nylon membrane only is to cut slits with a 

razor blade to mark the positions of the wells (do not do this before transfer or the buffer will 

short-circuit). The best way to record the orientation of the membrane is by making an 

asymmetric cut at one corner. Recover membrane by carefully peeling from gel. 

15. Rinse the membrane in 2X SSC for 5 min at room temperature, then place it on a sheet of 

Whatman 3MM paper and allow to dry. (Alternatively, incubate in 0.1X SSC + 0.5% SDS at 65 

°C for 45 min). The rinse has two purposes: to remove agarose fragments that may adhere to the 

membrane and to leach out excess salt. The gel can be restained with ethidium bromide to assess 

the efficiency of transfer and then can be discarded.� 

D) Cross linking: 

1. Wrap the membrane with UV-transparent plastic wrap, place in a UV transilluminator (e.g. UVP 

CL-1000 Ultraviolet Crosslinker, USA) at 120 mJ cm-2 energy, 254 nm wavelength and irradiate 

for 2-3 min. 

2. Directly process the membrane for hybridization or store membranes dry between sheets of 

Whatman 3MM paper or aluminium foil for several months at room temperature. For long term 

storage, place membranes in a desiccator at room temperature or at 4 °C. 

E) Restriction/Digestion of pPIC9K-BGL construct for probe preparation: 

Component              Volume (μl) of component  
                  (For 20 μl reaction) 

10X Buffer Orange (O) 2.0 (1X)            

PstI (10 U μl-1) 2.0     

DNA (Plasmid) 10.0 (5 μg)    

RNase A (20 mg ml-1)  2.0    

d
3
H

2
O  4.0   

2. Place the digestion mixtures at 37 °C in an incubator overnight and then load digested DNA on 

1% (w/v) agarose gel to confirm complete digestion. 

3. Elute the desired DNA band (859 bp) from the agarose gel using GeneJET™ Gel Extraction Kit 

(Fermentas, Lithuania, cat # K0691) as described in Appendix-27. 

F)  Probe preparation: 

Label the DNA (eluted in the previous step) with Biotin-11-dUTP, using Biotin DecaLabel™ 

DNA Labeling Kit (Fermentas, Lithuania, cat # K0652) as follows: 
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1. In a 1.5 ml microcentrifuge tube add: 

  DNA template (100 ng -1 μg)    10 μl (420 ng) 

  Decanucleotide in 5X Reaction Buffer   10 μl 

  Water, nuclease-free     44 μl 

Vortex the tube and spin down in a microcentrifuge for 3-5 sec. Incubate the tube in a boiling 

water bath (or in thermal cycler at 95-100 °C) for 5-10 min and cool it on ice. Spin down quickly. 

2. Add: 

  Biotin Labeling Mix     5 μl 

  Klenow fragment, exo- (5 U μl-1)   1 μl 

Shake the tube and spin down in a microcentrifuge for 3-5 sec. Incubate for 1 h at 37 °C. 

Prolonged incubation at 37 °C up to 20 h increases the yield of labeled DNA. 

3. Stop the reaction by the addition of 1 μl 0.5 M EDTA, pH 8.0. 

4. The labeled DNA is used directly for hybridization or stored at -20 °C. Removal of the 

unincorporated label is not necessary for most applications. If required, the unincorporated dNTP 

can be removed by chromatography on Sephadex® G-50 or by selective precipitation of DNA 

with ethanol in the presence of ammonium acetate (Sambrook et al., 1989). 

G) Pre-hybridization and hybridization: 

1. To block the attachment of probe to non-specific nucleic acid binding sites, denature Calf thymus 

DNA solution (5.5 mg ml-1, concentration determined after solution preparation) at 100 °C for 5 

minutes and then chill on ice. Add the denatured DNA to the Pre-hybridization solution to obtain 

a final DNA concentration of 50 μg ml-1. Place the membrane in appropriately sized container 

(Plastic bag, hybridization glass bottle etc.) and incubate membrane in 20 ml of Pre-hybridization 

solution (200 μl cm-2 of membrane) containing 50 μg ml-1 Calf thymus DNA, in a hybridization 

incubator for 4 h at 42 °C with moderate shaking (if aqueous Pre-hybridization solution without 

formamide is used then incubate at 68 °C). 

2. Prepare the hybridization solution as follows;  

 Denature the biotin-labeled probe at 100 °C for 5 minutes and chill on ice. Add the denatured 

probe to the Pre-hybridization solution to obtain a final probe concentration of 25-100 ng ml-1. 

Discard the Pre-hybridization solution of previous step and add 6 ml hybridization solution to the 

membrane (60 μl cm-2 of membrane). Incubate overnight at 42 °C with moderate shaking in a 

hybridization incubator. 

3. Wash the membrane once or twice with 2X SSC, 0.1% (w/v) SDS. Perform each wash for 10 

minutes at room temperature. 

4. Wash the membrane once or twice with 0.2X SSC, 0.1% (w/v) SDS. Perform each wash for 20 

minutes at 65 ºC. 

5. Remove excess liquid from the membrane by briefly placing it on filter paper and process the 

membrane for detection of biotin-labeled DNA. 
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H) Detection of labeled DNA: 

  Detect the biotin-labeled DNA using Biotin Chromogenic Detection Kit (Fermentas, 

Lithuania, cat # K0662) as follows: 

1. Wash the membrane (after hybridization/washing steps) in 30 ml of Blocking/Washing Buffer for 

5 min at room temperature on a platform shaker with moderate shaking. 

2.  Block the membrane in 30 ml of the Blocking Solution for 30 min at room temperature with 

moderate shaking. 

3. Prepare 20 ml of diluted Streptavidin-AP conjugate. 

4.  Incubate the membrane in 20 ml of diluted Streptavidin-AP conjugate for 30 min at room 

temperature with moderate shaking. 

5. Wash the membrane at room temperature with moderate shaking as: 

 a.  Incubate with 60 ml of Blocking/Washing Buffer for 15 min. Discard the solution and repeat 

once with fresh Blocking/Washing Buffer. Discard solution. 

 b.  Incubate with 20 ml of Detection Buffer for 10 min and discard the solution. 

6. Perform the enzymatic reaction. Incubate the membrane in 10 ml of freshly prepared Substrate 

Solution at room temperature in the dark. The blue-purple precipitate becomes visible after 30-45 

min of incubation. For the highest sensitivity, allow the color to develop overnight. 

7. Stop the reaction. Discard the Substrate Solution and rinse the membrane with water (Milli-Q or 

double deionized) for few seconds. 

8. Discard the water and air-dry the developed membrane to document the results.  

Note. The membrane should not be dried if stripping and re-hybridization are planned in subsequent 

experiments. 

Appendix-46 

Preparation of Dialysis Tubing  

Prepare the cellulosic dialysis tubing by giving the following step wise treatments according to 

manufacturer’s instructions (Sigma, USA, cat # D9402). 

1. Wash the tubes with running water for 3-4 h to remove the glycerine. 

2. Treat the tubes with 0.3% (w/v) Na2S (Sodium sulfide) at 80 C for 1 min to remove the sulfur 

compounds. 

3. Then wash the tubes with hot water (60 C) for 2 min and then acidified by 0.2% (v/v) solution of 

H2SO4 for 5 min.     

4. Again wash the tubes with hot water to remove H2SO4. 

5. Store the tubes at room temperature in 0.2% (w/v) sodium azide solution. 

Cellulosic tubing used for dialysis retained proteins of molecular mass of 12,000 Da or greater 

(Cut off size is 12 kDa). The average flat width of tube was 76 mm (3.0") and average diameter was 

49 mm (1.9"). The capacity of tubing was approximately 640 ml ft-1. 
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Appendix-47 

Concentration of Ammonium sulfate for Fractional Precipitation (Harris, 2001) 

Initial 
concentration of 

ammonium 
sulfate 

(percentage 
saturation at 0 °C) 

 
Final concentration of ammonium sulfate, % saturation at 0 °C 

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 

Solid ammonium sulfate (grams) to be added to 1 liter of solution 

0 107 136 166 197 229 262 295 331 366 404 442 483 523 567 611 659 707 

5 80 109 139 168 200 232 266 300 336 373 411 450 491 533 578 624 671 

10 54 82 111 141 171 203 236 270 305 342 379 418 458 500 545 589 636 

15 26 55 83 113 143 174 207 240 275 310 348 386 426 466 510 555 600 

20 0 27 56 84 115 145 177 210 244 280 316 354 392 433 476 519 565 

25  0 27 57 85 117 148 182 214 248 284 321 360 401 442 485 529 

30   0 28 57 87 119 150 184 217 253 289 328 367 408 451 495 

35    0 28 58 88 120 153 187 221 258 295 334 374 416 459 

40     0 29 59 90 122 155 190 225 262 300 340 381 424 

45      0 29 60 91 125 158 193 229 267 306 347 388 

50       0 30 61 93 127 161 197 233 272 312 353 

55        0 30 62 94 129 163 200 238 277 317 

60         0 31 63 96 131 166 204 242 283 

65          0 31 64 98 134 170 208 247 

70           0 32 66 100 136 173 212 

75            0 32 67 102 139 176 

80             0 33 68 104 141 

85              0 34 69 106 

90               0 34 71 

95                0 35 

100                 0 
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Appendix-48 

Pogrammes for FPLC 

Hiload  
Ion Exchange Chromatography 
 
METHOD 3  BANK 4 
 
   0.00   LOOP TMS  0 
   0.00   CONC %B  0.0 
   0.00   ML/MIN  2.00 
 10.00    VALVE.POS  1.2 
 10.00    PORT.SET  6.1 
 10.00    CLEAR DATA 
 10.00    MONITOR  1 
 10.00    LEVEL %  5.0 
 10.00    MIN/MARK  10 
 34.00    VALVE.POS  1.1 
 34.00   CONC %B  0.0 
134.00   CONC %B  100 
194.00   CONC %B  100 
194.00   PORT.SET  6.0 
194.00   PRT PK  1.99 
194.00   MONITOR                    0 
194.00   CONC %B                    0.0 
239.00   CONC %B                    0.0 
239.00   END OF LOOP 

Mono-Q 
Ion Exchange Chromatography 
 
METHOD 0  BANK 5 
 
    0.00   CONC %B  0.0 
    0.00   ML/MIN  1.00  
    5.00   VALVE.POS  1.2 
    5.00   PORT. SET  6.1 
    5.00   CLEAR DATA 
    5.00   MONITOR  1 
    5.00   MIN/MARK  5.0 
    5.00   LEVEL %  5.0 
  15.00   VALVE.POS  1.1 
  22.00   CONC %B  0.0 
  82.00   CONC %B  100 
101.00   CONC %B  100 
101.00   PORT. SET  6.0 
101.00   MONITOR                    0 
101.00   PRT PK  1.01 
101.00   CONC %B  0.0 
141.00   CONC %B  0.0 
 

 

 

 

 

 

 

 

 

 

 

 
 

Superose 
Gel Filtration Chromatography
  
METHOD 2  BANK 5 
  
   0.00 CONC %B  0.0 
   0.00 ML/MIN  0.50 
   2.00 VALVE.POS           1.2 
   2.00 CLEAR DATA 
   2.00 MONITOR  1 
   2.00 PORT. SET  6.1 
   2.00 LEVEL %  5.0 
   2.00 MIN/MARK           5.0 
   2.50 VALVE.POS           1.1 
  80.00 PORT. SET  6.0 
  80.00 PRT PK  1.99 
  80.00 CONC %B  0.0  
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