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ABSTRACT 

Proteins are highly complex most abundant biological macromolecules common to all 

life present on earth today and they are responsible for most of the complex functions that 

make life possible. All the forms of life i.e. plant, animal, fungi, bacteria, virus contain 

thousands of proteins for proper functioning. In modern classification proteins are classified 

in three major classes; storage proteins, structural proteins and biological active proteins and 

some of these proteins also play combined roles. The metabolic proteins mainly comprised of 

enzymes. Enzymes are awesome machines with a suitable level of complexity. They are 

central to every biochemical process and have extraordinary catalytic power. Among six 

different classes of enzymes, '1-lydrolase' is one of the most important group of enzymes 

which catalyze the hydrolysis of a chemical bond like C-C, C-O, C-N, ether, ester and halide 

bonds etc. IIydrolascs are classified into several subclasses, based upon the bonds they act 

upon e.g. glycosyl hydrolase, esterase, phosphatase, lipase, DNA glycosylases etc. 

In the hydrolase family, glycosyl hydrolases and phosphatases are two important 

groups of enzymes as they play very crucial role in cell metabolism. We have studied two 

enzymes from each of these two groups. First enzyme is a 3-glucosidase from family 1 

glycosyl hydrolase. Glycosyl hydrolases or Glycoside hydrolases or Glycosidases (GHs; EC 

3.2.1.x) catalyze the hydrolysis of 0-, N- or S-linked glycosidic bonds between a 

carbohydrate and non-carbohydrate moiety or between two carbohydrates. The cleavage of 

these glycosidic bonds is crucial for the processes like hydrolysis of structural 

polysaccharides during penetration of pathogens, recycling of cell surface carbohydrates, 

defense against pathogens expansion of cell wall, energy uptake, starch metabolism, 

• symbiosis and recycling of signaling molecules etc. On the basis of amino acid sequence and 

structural analogy, at present there are 133 Glysoside hydrolase families available on the 

CAZY web server (URL- http://www.cazy.org/). Among them, family I glycosyl hydrolase is 

most studied. Glycoside hydrolases family I contains different enzymes with some well-

known functions, such as -glucosidase (EC 3.2.1.21), 13-fucosidase (EC 3.2.1.38), f3-

galactosidase (EC 3.2.1.23), 13-mannosidase (EC 3.2.1.25), exo-f-1, 4-glucanasc (EC 

3.2.1.74) etc. -glucosidase characterized till date fall primarily in glycosidc hydrolase 113  

families 1. 3 and 5 with family 1 J3-glucosidascs being more abundant in plants. 3-glucosidase 

of this family may have high specificity for glucosides or in addition to this may hydrolyse 

fucosides and/or galactos ides. 



Carbohydrates are the most abundant biomolcculcs on earth and also in plant cells. 

The controlled regulation of synthesis, breakdown and modification of these macromolecules 

in nature is one of the most fundamentally important processes. This carbohydrate 

metabolism is only possible due to some enzymes i.e. glycosyl hydrolases (hydrolyzes and/or 

rearrange the glycosidic bonds), glycosyl transferases (build glycosidic bonds), 

polysaccharidc lyases (non-hydrolytic cleavage of glycosidic bonds) and polysaccharidc 

lyases (hydrolyzes carbohydrate esters). The importance of these processes can be assessed by 

the fact that 1-2% of an organism's total gene dedicates for the synthesis of glycosyl 

hydrolases and glycosyl transferases alone. 

The second enzyme, we have studied is a phosphatase from HAD superfamily. Like 

glycosyl hydrolase HAD superfamily (HADSF) hydrolases are also very important in their 

functional point of view. The HADSF is the major family found with almost 48,000 

sequences and is present ubiquitously in the living cells. HADSF constitute different enzymes 

like dehalogenase, phosphatase, phosphonatase, -phosphoglucomutase and ATPases. 

Phosphatase forming the majority in HADSF can vary in tigure from 30 in prokaryotes to 

200-300 in the eukaryotes. They help in phosphorous transfer reactions by transferring the 

phosphate group to an Asp as an active site residue. 

In the present work, a -glucosidase enzyme from Putranjiva roxburghii plant 

(PRGI-ll) was characterized, cloned and expressed in both prokaryotic and cukaryotic system. 

A comparison study between the native enzyme and bacterial expressed recombinant enzyme 

has been carried out to understand the possible role of post translational modifications on the 

enzyme. Several mutation studies were done to locate the possible active site. Meticulous 

bioinformatics work was carried out to understand the substrate preference of this enzyme. 

The possible role of N-linked glycosylation in the stability and the activities of the enzyme 

were examined. We have used this enzyme in bioethanol production by expressing this 

enzyme in eukaryotic system. Along with this enzyme we have characterized another 

hydrolase enzyme from Staphylococcus lugdunensis. This enzyme belongs to IIADSF and 

showed phosphatase activity. 

This thesis is divided into five chapters and covers the studies carried out on two 

hydrolases. The first one is a glycosyl hydraolase sourced from the Putranjiva roxburghii 

plant and the second one is a phosphatase from HAD family sourced from Staphylococcus 
lugdunensis, which is a human pathogen. 



Chapter 1 reviews the literature: describing the recent studies on family I Glycosyl 

hydrolase (GHI), role of N-linked glycosylation, application of 3-g1ucosidasc in bioethanol 

production and studies on HADSF. 

Chapter 2 describes the cloning, overexpression, purification and characterization of a 

glycosidase 1 enzyme. A 66 kDa, thermostable enzyme with 3-fucosidase, -glucosidasc and 

3-galactosidase activities was purified from the seeds of Putranjiva roxburghii by employing 

concanavalin-A affinity chromatography. The deduced amino acid sequence showed 

considerable similarity with plant -glucosidascs. The enzyme hydrolyzes p-nitrophenyl--D-

glucopyranoside (pNP-Fuc) with higher efficiency (K/K1  = 3.79 x 1 04 M's) as compared 

- topNP-Glc (Kcat /Kin  = 2.27 x 104 M 1 s 1 ) and pNP-Gal (Kcat/Kin = 1.15 x  10 Ms). Both the 

native and recombinant protein has p1-I optima of 4.8. The thcrmostability of the recombinant 

enzyme is much lower than native enzyme. Mutational study showed that disruption of active 

site residues affect the activity of the enzyme. Oligomerization study showed that at higher 

concentration the enzyme form various species of oligomers having molecular mass around a 

decamer. Mixed substrate analysis showed that all the three activities (glucosidase, 

galactosidasc and fticosidasc) of the enzyme were performed by a single active site. This 

preference for the substrate has also been studied and proved using meticulous bioinformatics 

work. 

Chapter 3 describes the role of glycosylation for the stability and consequence effect 

on the activity of a very efficient thermostable f3-glucosidase from Putranjiva roxburghii plant 

(PRGT-I1). We successfully produced deglycosylated PRGTII by using PNGase F. We 

compared the activities of both forms of this enzyme under various conditions like different 

temperature, p11 and organic solvents. At higher p1-I the deglycosylated PRGI-Il showed a 

sharp decrease in activity. The temperature profile of both the glycosylated and 

deglycosylated enzyme clearly reflect that glycosylated form of this enzyme have greater 

stability at higher temperature. CD and intrinsic fluorescence studies of both glycosylated and 

deglycosylated enzyme showed that the conformation of the native protein changed to a 

certain extent after removal of the N-linked sugars. Proteolysis study along with the spectral 

studies suggests that the structure of native glycosylatcd PRGH 1 is quite compact and rigid 

than the deglycosylated counterpart. Mutagencsis studied shows that out of seven potential 

glycosylation site three sites were glycosylated. 

Chapter 4 describes the expression of a plant -glucosidasc gene (PRGH 1) in the S. 

cerevisiae Y294 and studies on the properties of the enzyme. The optimal pH and temperature 

of the enzyme activity was found to be 5.0 and 65 °C respectively indicating this enzyme is a 



thcrmostable enzyme with preference towards moderate acidic condition. The enzyme showed 

broad substrate specificity and able to hydrolyze cellobiose significantly. The enzyme showed 

resistance towards alcohols, suggesting the enzyme can be used in fermentation industry more 

efficiently. The recombinant S. cerevisiae Y294 harbouringprghl gene showed better growth 

profile, cellobiose consumption and ethanol production. In addition to this, complementing 

with commercial cellulose enzyme the recombinant S. cerevisiae Y294 was used in SSF 

experiment using CMC, rice straw, sugarcane bagesse as sole carbon source. The study 

demonstrated the feasibility of using the f3-glucosidase gene to enhance the second generation 

cellulosic ethanol production. 

Chapter 5 describes the cloning, overexpression and characterization of a acid 

phosphatase from Haloacid dehalogenase superfamily. SHFD gene with —840 bp has been 

cloned and overcxprcsscd in E.coli. The enzyme with a molecular mass of -.32 kDa has been 

purified using Ni2t -NTA affinity chromatography. SFIFD showed phosphatase activity with 

an optimum temperature of 25 °C. SHFD is an acid phosphatase with an optimum p1-I of 5.0. 

The kinetic parameters (K= 0.32 mM, Vmax  = 0.36 U/mg, kcat = 21.43 + 0.85 s_ I  and kcajKn, 

= 66.96 mM's') indicate that it is a very efficient enzyme. SHFD is a mixed a/3 protein as 

predicted by the ESPript and CD spectrum. Multiple sequence alignment shows the 

conservation of nucicophilic Asp 10, acid/base catalyst Asp 12, phosphate binding Scr43, and 

many other catalytic residues like Arg45, Lys210, Asp233, Asn236 and Asp237. SHFD is a 

two domain protein, with a larger core domain comprising four conserved loops surrounding 

the active site. The core domain also has a modified Rossmann fold with six stranded -shecLs 

surrounded by six a-hcliccs. It is responsible for binding, rcoricnting of the phosphate group 

along with the co-factor Mg2  and also in preparing the Asp 10 for the nucicophilic attack. 
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INTRODUCTION 

Proteins arc fundamental components in all life forms and their functional versatility is 

due to their structural range. Proteins carry out their activities owing to their ability to bind to 

several inorganic and organic molecules and to other macromolecules like proteins or DNA 

[73]. In modem classification proteins are classified in three major classes; storage proteins, 

structural proteins and biological active proteins. The major biologically active proteins 

include enzymes. Enzymes are awesome machines with a suitable level of complexity. They 

arc central to every biochemical process and have extraordinary catalytic power. Enzymes act 

in a highly coordinated manner to sustain life. Enzymes arc essential to each and every 

biochemical reactions. They catalyze thousands of reactions and the mechanism by which 

they speed up these reactions is one of the most interesting fields in biological research. Thus 

this mechanism has attracted researcher from various fields i.e. biochemistry, physical 

chemistry, genetics, microbiology, agriculture, toxicology, medicine, chemical engineering, 

pharmacology etc. The study of enzymes has immense practical importance. The cumulative 

effect of a numbers of factors such as solvent, salt concentration, temperature, pH and other 

effectors may determine the unique structure and function of a protein molecule [173, 249] 

and may adopt different structure by changing the medium conditions [199] which have 

important implications for protein design and engineering [192]. Enzymes are grouped in to 

six major classes depending upon the reactions they catalyzed i.e. oxidorcductasc, 

transferases, hydrolases, lyases, isornerases and ligascs. Among these different classes of 

enzymes, '1-lydrolase' is one of the most important group of enzymes which catalyze the 

hydrolysis of a chemical bond like C-C, C-U, C-N, ether, ester and halide bonds etc. 

Hydrolases are classified into several subclasses, based upon the bonds they act upon e.g. 

glycosyl hydrolasc. esterase, phosphatase, lipase, DNA glycosylases etc. 

Carbohydrate metabolism is only possible due to some enzymes i.e. glycosyl 

hydrolases (hydrolyzes and/or rearrange the glycosidic bonds), glycosyl transferases (build 

glycosidic bonds), polysaccharide lyases (non-hydrolytic cleavage of glycosidic bonds) and 

polysaccharidc lyascs (hydrolyzes carbohydrate esters). Glycosyl hydrolases or Glycoside 

hydrolases or Glycosidases (GUs; EC 3.2.1.x) catalyze the hydrolysis of 0-, N- or S-linked 

glycosidic bonds between a carbohydrate and non-carbohydrate moiety or between two 

carbohydrates. The cleavage of these glycosidic bonds is crucial for the processes like 

hydrolysis of structural polysaccharides during penetration of pathogens, recycling of cell 

surface carbohydrates, defense against pathogens expansion of cell wall, energy uptake, starch 
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metabolism, symbiosis and rccycling of signaling molecules etc. On the basis of amino acid 

sequence and structural analogy, at present there arc 133 Glysosidc hydrolase families 

available on the CAZY web server (URL- htip://www.cazv.or/) [27]. Among them, family 1 

glycosyl hydrolase is most studied. Glycoside hydrolases family 1 contains different enzymes 

with some wcll-known functions, such as -glucosidase (EC 3.2.1.21), 13-fucosidase (EC 

3.2.1.38). 3-galactosidase (EC 3.2.1.23), 3-mannosidase (EC 3.2.1.25), exo-13-1,  4-glucanasc 

(EC 3.2.1 .74) etc. 3-glucosidase characterized till date fall primarily in glycoside hydrolase 

families 1, 3 and 5 with family I -glucosidascs being more abundant in plants. 3-glucosidase 

of this family may have high specificity for glucosidcs or in addition to this may hydrolysc 

fucosides and/or galactosidcs. 

Like glycosyl hydrolase HAD superfamily (HADSF) hydrolascs are also very 

important in their functional point of view. The HADSF is the major family found with 

almost 48,000 sequences and is present ubiquitously in the living cells. HADSF constitute 

different enzymes like dehalogenase, phosphatase, phosphonatase. 3-phosphoglucornutase 

and ATPases [79, 97], Phosphatase forming the majority in HADSF can vary in figure from 

30 in prokaryotcs to 200-300 in the eukaryotes. They help in phosphorous transfer reactions 

by transferring the phosphate group to an Asp as an active site residue. phosphatase plays a 

crucial role to sustain life. This group of enzyme transfers phosphorous group. Transfer of 

phosphorous group is generally used for cell signalling in all the living kingdoms from 

prokaryotes to eukaryotes. It is used as an approach to counter to different internal and 

external stimuli [56]. Phosphatases help in phosphorous transfer reactions by removing the 

phosphorous group from biological molecules [122]. Almost 3 5-40% of the bacterial genonie 

is composed of molecules carrying a phosphate group [131]. Although there are many 

enzymes responsible for phosphoryl transfer but they belong to different super families which 

are evolutionary dissimilar and have different structural folds. 

In this work we have studied two enzymes from hydrolase family: First, a -'66 kDa, 

tliermostablc and highly efficient glycosidasc I or family I glycosyl hydrolase (GH1) enzyme 

sourced from Putranjiva roxburghii, a medicinal plant belonging to Euphrhiaceae family and 

Second, -32 kDa novel HAD superfamily phosphatase sourced from Staphylococcus 

lugdunensis, a human pathogen belonging to Slap hylococcaceae family. 
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I. LITERATURE REVIEW 

I.I. Introduction 

Proteins are most important and abundant functional biomacroniolecules present in all 

types of ccli and they are constructed from 20 different amino acids. The structural and 

functional diversity of this macromolecule is very high. Each protein exhibits a specific 

biological activity which depends on the three dimensional structure of the protein determined 

by the amino acid sequence and the folding [175]. In some cases post-translational 

modifications and cofactors are required for executing the biological functions. The diverse 

combinations of twenty different amino acids bring about varied functional products such as 

enzymes, antibodies, hormones, transporters, lens protein of the eye, muscle fibres, milk 

proteins, antibiotics, horns, spider web, poisons, antibiotics etc. having specific biological 

activities. Proteins carry out their activities owing to their ability to bind to several inorganic 

and organic molecules and to other macromolecules like proteins or DNA [74]. The 

interactions involve in binding are van der Waals, hydrophobic, electrostatic forces and 

hydrogen bonding. 1-lydrogen bonding is very important owing to their number and location. 

Mutations bring the disruption of these interactions which leads to complete loss or reduction 

of biological activity. 

A complicated organization of disciplined biochemical reaction catalyzed by distinct 

enzymes is very critical to sustain life. Enzymes are essential to each and every biochemical 

reaction. They catalyze thousands of reactions and the mechanism by which they speed up 

these reactions is one of the most interesting fields in biological research. Thus this catalytic 

machinery has attracted researcher from various fields i.e. biochemistry, physical chemistry, 

- genetics, microbiology, agriculture, toxicology, medicine, chemical engineering, 

pharmacology etc. This catalytic power also has received attention from industries like 

biofucl, food, leather, paper, detergent etc. Owing to the complex structure and biological 

instability of these enzymes, our understanding to this mechanism is still limited. The 

structural and functional aspect of these enzymes can be verified both in vitro and in vivo 

environments. Proteomics study is an interesting field to know the basics of different 

biophysical and biochemical functions and to understand their various mode of action [62, 91. 

107, 120, 130, 132, 186, 258]. Proteins are also the major source of dietary supplements 

Plant genome encodes thousands of enzymes which show differential expression in 

different parts of the plant. Plant seeds are very rich source of vital proteins and enzymes 
3 
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which has been used for hundreds of years in industries and medicines. Seed proteins are 

mainly storage proteins which play crucial roles to provide nutrition during seedling stage, 

maintain viability, and protect from microbes and insects. By providing the dominant share of 

dietary components it plays an essential role in animal and human nutrition. The proteins in 

plants may be categorized as biological active proteins, structural and storage. Besides these 

proteins, seeds are rich sources of alkaloids, oils, resins, tannins, pigments etc. Seed proteins 

arc used in different structure function studies [129]. 

'1-lydrolase' group of enzymes is one of the important group of enzymes among six 

different classes of enzymes. It catalyzes the cleavage of C-C, C-N, and C-O bonds along 

with some other bonds like phosphoric anhydride bonds. On earth and in plant cells, 

carbohydrates are the most copious biomolecule where as in animal cells proteins have the 

largest share among macromolecules. Recycling of these macromolecules is critical to sustain 

life and it is possible due to controlled action of enzymes and their respective inhibitors [252]. 

Several hydrolascs are drug targets [113]. 

In this chapter we have reviewed the recent development of our understanding 

regarding the properties of Glycoside Hydrolase family I enzymes in section 1.2, the role of 

glycosylation on the structural and functional aspects of the enzymes in section 1.3, yeast 

strain development and its application in SSF (simultaneous sacchariflcation and 

fermentation) in section 1.4, and understanding regarding the 1-laloacid Dchalogcnasc (HAD) 

family hydrolase enzymes in section 1.5 with a short introduction. 

1.2. Overview-Glycoside Ilydrolases 

Carbohydrates arc the most copious and diverse group of biological molecules on the 

earth. They arc present in the form of monosaccharides (e.g. glucose, ribose, arabinose, 

galactose etc.), disaccharides (ccllobiosc, lactose, maltose, sucrose etc.), oligosaccharidcs 

(cellulose, starch, chitin, glycogen etc.) and glycoconjugates (peptidoglycans, glycoprotcins, 

glycolipids, lipopolysaccharides etc.). These molecules exist in a large number of 

stcrcochcmical variations. Polysaccharidcs are formed by the monosaccharides units which 

arc linked by glycosidic bonds. This bond is among the most stable bonds, with a half-life of 

more than five million years [256]. Glycosyl bydrolascs or Glycoside hydrolases or 

Glycosidascs (GI-Is; EC 3.2.1.x) catalyze the hydrolysis of 0-, N- or S-linked glycosidic 

bonds between a non-carbohydrate and carbohydrate moiety or between two or more 

carbohydrates (Figure 1 . I). The cleavage of these glycosidic bonds is crucial for operations 

4 
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like hydrolysis of structural polysaccharides during penetration of pathogens, recycling of cell 

surface carbohydrates, defense against pathogens [96], expansion of cell wall, energy uptake, 

and recycling of signaling molecules etc. [42]. Glycosidases are present everywhere in nature, 

reported even in chlorella virus [220]. 

glycoside 

_________ 

hydrolase 
+ + H20 I. HOR  

ofl Oil 

Figure 1.1, hydrolysis of glycoside by glycosyl hydrolase enzyme, figure adopted from 
CAZypedia. 

Along with glycosyltransferases, they form the major catalytic machinery for the 

synthesis and cleavage of glycosidic bonds. Despite of the various protein folds seen in 

glycosidase family, their active site architecture fall into three generalized morphological 

classes: tunnel, cleft or groove and pocket crater. 

1.2.1. Glycoside Hydrolase classifications 

The Enzyme nomenclature system (IUBMB) of Glycosidases is primarily based on 

their substrate specificity and the reaction they catalyze. However, this classification can't 

segregate the Glycosidases family owing to their multi substrate specificities e.g. 

cndoglucanasc and myrosinase [95, 23]. This classification based on substrate specificities 

fail to reflect the structural characteristics and evolutionary events of glycosidases. 1-lence, 

glycoside hydrolases are classified in families based on their amino acid sequence similarities 

was proposed by Henrissat (1991) [93, 94]. 

Recently there are 133 glycosidases families existing on the CAZy web server (URL-

http://www.cazy.org/Glycoside-Hydrolases.html)  on MAY 2uid,  2015, basing on the amino 

acid sequence similarities [27]. This method of classification is very convenient as sequence 

has direct relation with the folding and function. After the sequence specific grouping, 

systematic comparison of the enzymes showed that sometime enzymes with different 

substrate spccificities fall in the same family explaining divergence in evolution e.g. cellulase 

enzyme is found in eleven different families [42]. In general, folds of proteins are more 

conserved than the sequences. So, some families were grouped in 'Clans' on the basis of their 

overall structural similarities. Currently, all the 133 glycosidases families were divided in 14 

different clans. Among these, GI-1-A is the largest clan consisting of 19 different families. 

5 
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These families of glycosidases show different substrate specificities but in their 3-D structures 

they possesses common (3/a)8  TIM barrel fold [108]. 

1.2.2. Overview of Family 1 glycoside Izydrolase (Gill) 

GHI is the most studied family of glycoside hydrolase enzymes. The -D-fucosidases 

(EC 3.2.1 .38), f3-D-01ucosidascs (EC 3.2.1.21), and 3-D-galactosidases (EC 3.2.1.23) 

enzymes mainly fall in this family and are responsible for the cleavage of terminal non 

reducing -D-fucosc, 3-D-glucosc and -D-galactose respectively. Retaining mechanism is 

followed by this group of enzymes. Structural and functional characters of all glucosidases are 

similar in all families. These enzymes shows common active site signature sequence 

[LIVMFSTC]-[LIVFYS]-[LIV]-[LJVMST]-E-N-G-[LIVMFAR]-[CSAGN] The 

f3-glucosidascs are divided into a narrow specific and broad specific group based on their 

specificity towards substrates [60. 211]. 

1.2.3. Catalytic nac/zinery and mechanism 

In 3-glucosidascs, two glutamate residues are responsible for the catalysis and were 

first observed in the Agrobacterium. The Glu 1 70 is a general acid/base catalytic residue 

identified by detailed mutation study and Glu358 which is a nucleophilc is conserved in the 

conserved sequence YITENG in the same enzyme [246, 255]. In some cases in (11-1-A clan 

possesses an asparagine residue before the general acid/base catalytic residue in a conserved 

NEP sequence believed to be involved in hydrogen bonding interactions at 2-hydroxyl 

position with the substrate. A single mutation can bring drastic changes to the characters of a 

protein [62, 121. 160]. 

The glycosidases show two types of catalytic mechanisms, inverting (single 

displacement) and retaining (double displacement). The enzymes from Family 1 glycoside 

hydrolasc family function through retaining mechanism only. The catalytic hydrolysis with 

inversion mechanism is carried out by involving an oxocarbeniurn-ion-likc transition state 

(Figure 1.2 A). The general base detaches a proton from water molecule and then attacks the 

glycosidic bond's Cl carbon atom [265]. As a result of the addition of water between the 

anomeric Cl atom and the general base, the two catalytic carboxyl groups are located on the 

reverse side of the glycosidie bond; usually the distance is about 10.5 A [160, 246]. The 

retaining mechanism (double displacement) involved the construction of a glycoside enzyme 

intermediate (covatently bound) which is hydrolyzed in each step by oxocarbenium-ion-Iike 
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transition states (Figure 1.2 B). in this case nucicophile directly attacks the C I atom not the 

water molecule. The distance between the two reactive groups is around 5 to 5.5 A [160]. 

01 

hiveiliiig mechanism tot a -Iycos id ase: 
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Figure 1.2. General mechanisms of Glycosyl hydrolases adopted from CAZypedia (A) 
Inverting mechanism (single displacement mechanism) and (B) Retaining mechanism (double 
displacement mechanism) 

1.2.4. Plant Glycoside Hydrolase enzymes 

Several plant parts including seeds, stem, root, flowers, leaves, and bark are sources of 

Glycoside hydrolase enzymes. These enzymes mainly fall under the family 1 of Glycoside 

hydrolase. They play very crucial role in different plant metabolisms. They execute several 

functions like lignification, vitamin metabolism, plant defence, growth and development, 

activation of phytohormones and secondary metabolites hydrolysis. Plant defence is an 

important physiology and studied by many workers [39]. Strictosidinc -D-glucosidase act on 
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its substrate 'strictosidinc' to produce a reactive aglycone. This aglyconc enters various 
- 

biochemical pathways to form quinoline and indole (vindoline, ajmaciline, strychnine, 

rcserpinc. camptothecin), and these compounds help in the damaged induced defence system 

of plants. This type of 3-glucosidasc mediated alkaloid metabolism is observed in 

Loganiaccac, Apocynaceac and Rubiaccae plant families [10]. -glucosidascs of Pintis 

con/orta has performed a crucial role in lignification process of pine stem by discharging the 

'monolignol coniferol' from the conifers which is the natural substrate of Pinus [50]. 

BGLU45 and BGLU46 are the two -glucosidascs, sourced from Arabidopsis thaliana 

showing similarity with the Pintis -glucosidase and also able to hydrolyze monolignol 

indicating their participation in biosynthesis of lignin. Various mctabolites like extract of 

neem leaf inhibit mammary carcinogencsis [7]. 

1.2.5. Substrate specificity ofplant /1—glucosidases 

With respect to the aglycone moiety, f3-glucosidases have a very wide range of 

substrate specificities with varied preference for aglycone moiety. ZmGlul and ZmGlu2, the 

f3-glucosidase isoenzymes of maize hydrolyze a wide range of both natural and synthetic 

substrates. The f3—glucosidasc of sorghum (Dhurrinase, SbDhrl) has 72% sequence similarity 

with ZrnGlul, but it can't act on the substrates of ZmGlul, instead it hydrolyzes the natural 

substrate dhurrin. Interestingly, dhurrin act as an inhibitor to ZniGlu 1. This difference in the 

substrate specificitics is due to the variation in the amino acid residues at the aglycone 

binding site. Dhurrinasc interact with its natural substrate (dhurrin) by using Scr62, Phc26l 

and Asn259 as interacting residues and they arc different from the maize -glucosidasc. 

Mutation studies were carried out in ZmGlul at the corresponding residues of sorghum 

dhurrinasc [239]. Mutational study showed that Phe198Val mutant had a major effect on 

enzyme activity. Likewise, a Glul9lAsp mutant of ZmGlul showed a major change in active 

site architecture. The active site appeared like a flattened crater with two separate regions. 

1.2.6. Industrial applications of Glycosidases 

-galactosidases hydrolyse the milk protein lactose to galactose and glucose. The 

enzyme can be used in dairy industry for the production of milk with low lactose level. 

Undesirable microbial growth during processing of milk can be minimized by doing this 

hydrolysis by f3-galactosidases at the high temperature. So the identification and 

characterization of thermostable f-galactosidascs arc prerequisite for dairy industry [20. 196]. 

Yang Ct al. (2009) reported that by converting isoflavone glycosides to their respective 
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aglycones improves the nutritional values of several food materials and this conversion is 

usually done by the -glucosidases [261, 262]. Decrease in lysosomal -glucosidasc activity 

leads to Gaudier disease. In this case the glucosylceramide accumulate in the macrophages. 

The symptoms are hepato-splenomegaly, skeletal lesions, anaemia etc. Sawkar et al. (2002) 

suggested that the addition of subinhibitory concentrations of N-(n-nonyl) deoxynojirimycin 

to a fibroblast culture medium leads to two fold increase in the -glucosidase activity [206]. 

This technology is likely to replace the costly enzyme replacement therapy in near future. 

Immobilized -glucosidase increases the clarity of wine to 100% [215]. -glucosidasc 

enzymes also convert the cellobiose to glucose, so it is used in the fermentation industry. 

Random drift mutagenesis (RNDM) is a direct evolution technique used to increase the 

activity of heal. resistance 3-glucosidase of Caldiceliulosiruptor saccharolyiicus [88]. This 

enzyme is used for bioethanol production. Immobilization of glycosyl bydrolases also has 

important applications [55, 231]. 

1.2.7. Cloning of fi—glucosidases genes 

Large number of bacterial, yeast, plant and animal -glucosidase genes have been 

cloned and expressed in both prokaryotic as well as eukaryotic system. Generally Escherichia 

co/i and Saccharom ces cerevisiae used as prokaryotic and cukaryotic hosts respectively. 

Cloning has been performed by two methods, (1) starting with a eDNA library or a genomic 

library, nucleotide probes are designed basing on the prior knowledge of the polypeptide (2) 

formation of a genornic DNA library followed by selection of the recombinant clones by 

screening for -glucosidase production [13]. Plants and fungi are better producer of J3- 

glucosidase enzymes; however studies on cloning of f3-glucosidases from these organisms are 

relatively low owing to its complexities associated with the presence of introns in their genes. 

Yet, several workers have cloned and expressed the f3-glucosidases gene successfully from 

plant e.g. Brassica napus [61], rice [259] and from fungal sources e.g. Aspergi/li [104, 41], 

I-Iumico/a grisea and Trichoderina reesei [224]. Studies also showed the existence of multiple 

gene and gene products that are expressed differentially. Fungal -glucosidases genes are 

mostly expressed in heterologous fungal systems like Saccharomyces cerevisiae [41], 

Aspergi//us sp. [224], Pichia pastoris [41], and Trichoderina reesei [11]. Different other 

glycoprotcins are also cloned in E. co/i and successfully studied [106]. 
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1.3. Overview-Glycosylation 

The significant risc in complexity from the genome to the protcome in nature is 

enabled by different mechanisms which produce different mRNA transcripts from a single 

gene like genomic rccombination, differential transcription termination, alternative splicing 

etc. Protein post-translational modifications (PTMs) further enhances the protein diversity and 

functions by covalent attachment of functional groups, changing the nature of amino acid, 

cleavage of regulatory subunits, degradation of entire proteins etc. These chemical 

modifications play significant role in protcomics by regulating activity, cellular localization of 

protein and complex formation with other cellular molecules such as proteins, nucleic acids, 

lipids, and cofactors. The most common modifications include protcolysis, acetylation, 

formylation, lipidation, methylation, phosphorylation, ubiquitination, and glycosylation. 

Therefore, PTM identification and understanding is crucial for cell biology studies as well as 

for the disease treatment and prevention. 

The addition of sugar residue to a protein is the most complex post-translational 

modification of a protein as seen in case of most secretory and plasma-membrane proteins 

which have one or more carbohydrate chains [214]. These glycans play diverse structural and 

functional roles in secreted and membrane proteins. Glycosylation is a modification in which 

a glycosyl donor i.e. a carbohydrate is bonded to a hydroxy or other functional moiety of a 

glycosyl acceptor. It is an enzymatic process as opposed to the non-enzymatic reaction called 

aglycation. In biological system, it refers to the attachment of glycans to other 

macromolecules like proteins, lipids or other organic macromolecules through a series of 

post-translational enzymatic steps. These post translational modifications produce diverse 

protein-bound oligosaccharidcs which are also among one of the essential biopolymcrs found 

in cells amongst DNA, RNA, and proteins. Glycosylation occurs in cndoplasmic reticulum 

lumen or another places like the lumen of Golgi Irans-, ,nedial-, or cis-cisternac, in cytoplasm 

and nucleus. However, large numbers of proteins synthesized in endoplasmic reticulum (ER) 

go through glycosylation process. Thus the carbohydrate residues also act as indicatoi-s for 

marking their movement from ER and Golgi bodies. Engineered antibodies use aglyeosylation 

to bypass glycosylation [112]. ER also helps in sub-cellular trafficking [182]. 

1.3.1. Occurrence of Glycosylation 

Glycosylation reaction occurs in almost every organism from archaea, cubactcria and - 

cukaryotcs [143, 163]. 1-lowever, eukaryotcs have the large array of organisms ranging from 

single-celled to complex multi-cellular organisms that express glycosylated proteins. The 
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specificity of the reaction lies in the fact that it is well-ordered and has features that vary 

amongst the different cells and the species [214]. 

1.3.2. Glycoprotein diversity 

Glycosylation has a lot to contribute in the proteomic diversity. Further each feature of 

glycosylation may also be reformed like: 

• Composition of glycan - sugar types attached to a specific protein 

• Glycan arrangement - branching and unbranching of chain 

• Length of glycan - length of oligosaccharidcs; short-chain or long-chain 

• Glycoside linking - site where oligosaccharide binds 

The process of glycosylation involves a large number of enzymatic events like linking 

monosaccharides together. transporting sugar moiety from an entity to the other and sugar 

trimming. All these steps are not necessary in every glycosylation event. Unlike transcription 

or translation, glycosylation is a non-template process and many enzymes are involved to 

produce the enormous diversity of glycoprotcins in the cell like either addition or removal of 

sugars from one substrate to other. In fact enzyme activity also varies from one ccll to the 

other and also within the intracellular compartment which leads to different glycoprotcins 

suitable for the need of that particular cell. Mechanism of glycosylation is highly-ordered and 

sequential in which the activity of each enzyme is reliant on the preceding enzymatic reaction 

[245]. 

There are various enzymes involved in glycosylation process like Glycosyl trans ferases 

(Gtfs), Glycosidascs etc. Glycosyltransferases (Gtfs) are the enzymes responsible for 

transferring mono- or oligosaccharides from donor molecules to acceptor molecules like the 

growing oligosaccharide chains or proteins. Each Gtf is very specific in its function of 

associating a precise sugar from a dolichol or a sugar nucleotide which acts as a donor and 

works individually from other glycos yl trans feras c s. These Gtfs are very wide in their nature 

as the glycoside linkages are identified on nearly each functional group of protein, and the 

most commonly used monosaccharides are included in the glycosylation reactions [214]. On 

the other side, glycosidases remove sugars from the proteins by catalyzing the hydrolysis of 

glycosidic bonds. These enzymes are very specific for eliminating a specific sugar (e.g. 

mannosidase) and are also very crucial in the ER and Golgi for processing of glycans. 
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1.3.3. Types of Glycosylation 

Glycosylation incorporates the addition of a variety of sugar moieties from a 

monosaccharide to highly complex branched oligosaccharides to the proteins. The protein-

sugar bond is classified into precise groups depending on the bonding nature and the 

attachment of oligosaccbaride. They can be categorized as: 

N-linked glycosylation: This is the most common type of glycosylation occurring in the 

lumen of the ER. The carbohydrate moiety binds to the amino group of asparagine and is 

often required for the proper folding of some cukaryotic proteins in addition to the cell-cell 

and cell-extracellular attachment function. This type of glycosylation can be seen in 

eukaryotes, archaca but is very rare in bacteria. 

0-linked glycosylation: This type of glycosylation can be found in all the three groups; 

eukaryotes, archaea and bacteria. It includes the binding of monosaccharide to the hydroxyl 

group of serine or threonine in the ER, Golgi bodies, cytoplasm and nucleus. 

Glypiation: This type of glycosylation is used for the localization of the proteins to cell 

membranes and can be seen on surface glycoprotcins in eukaryotes and some archaea. The 

protein is attached via its C terminus to the GPI anchor i.e. a phosphoethanolamine linker 

through a glycan chain. Glycan structure consists of a phospholipid tail for anchoring to the 

membrane. The vast differences in the lipid and the sugar moiety used in the tail and the 

glycan core enables unique functions like signal transduction, immune recognition and cell 

adhesion. These GPI anchors can be cleaved with enzymes like phospholipase C for the 

localization of proteins to the plasma membrane. 

C-linked glycosylation: This can also be called as C-mannosylation as a mannose sugar is 

added to the indole ring of the first tryptophan residue in this W-X-X-W sequence, where W 

is a tryptophan residue and X is any amino acid. It is an unusual form of glycosylation as the 

sugar is not linked to any reactive atom such as nitrogen or oxygen but to a carbon atom. 

Thrombospondin are the commonest example of C-mannosylated proteins. 

Phosphoglycosylation: In this type of glycosylation, glycan binds to the amino acid serine 

via phosphodiester bond. Xylose, mannose, fucose and N-acetylglucosamine (GlcNAc) 

phosphoserine glycans are the most common examples seen like xylose in Trypanosoina 

cruzi, mannose in alpha dystroglycan i.e. a cell-surface laminin receptor in Mus musculus 

(mouse). 
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Among these, N- and 0-glycosylation are the most frequcntly seen glycosylations as 

the aspargine-linked i.e. N-linked or scrine/threoiiine-linkcd i.e. 0-linked oligosaccharides are 

the key structural components in many secreted and cell surface proteins. Although the 0-

linked and N-linked oligosaccharidcs forms majority but both are considerably different from 

each other in their structures, incorporation of different sugar residues. Generally N-linked 

glycans have a number of branches with a negatively charged residue called sialic acid 

present at the end, while 0-linked glycans have one to four sugar moieties and are thus small. 

Many nuclear and cytosolic proteins are not glycosylated with exclusions of few nuclear-pore 

complex proteins and transcription factors, where a single GlcNAc is attached to the thrconinc 

or scrine hydroxyl group. A pictorial view of these glycosylations types can be seen below 

(Figure 1.3): 
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Figure 1.3. Different types of glycosidic bonds 

1.3.4. Mechanism of glycosylation 

The difference in the configuration of N- and 0-linked glycans lies in the difference in 

their synthesis. 0-linked oligosaccharides arc linked sequentially one by one in contrast to the 

N-linked oligosaccharides where a big oligosaccharidc which contains fourteen sugar residues 

is added. Moreover, different steps in the formation of these two different oligosaccharidcs 

occur in specific organdIes. The mechanisms used for the glycosylation are: 
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1.3.4.1. N-Linked glycosylation 

The N-linked glycosylation although characterized as a post-translational modification 

but takes place along with the translation i.e. the sugar moiety is being added to the proteins 

undergoing translation and ER transportation. Most membrane bound and secreted proteins 

are N-linked glycoproteins as the location of their processing and translation is ER. The 13-N-

glycosidic bond between GlcNAc and amide nitrogen of Asn is the most commonly seen 

sugar-protein bond which also forms the spot for addition of diverse range of sugar moiety in 

proteins which play important functions [168, 238]. This 3-glycosylaminc linkage was first 

defined in an ovalbumin which contains 3% carbohydrate [111, 207]. 

N-glycoprotcins have very huge and far branched oligosaccharides which underwent 

numerous processing rounds when they are added to the proteins like subsequent addition and 

removal of certain sugar residues, one by one, in a precise manner with an unrelated enzyme 

catalyzing each step [22. 47]. Overall, N-linked glycosylation constitutes several steps like 

preformed oligosaccharide assembly, attachment, trimming and further their maturation and a 

different enzyme is used in each step. It is identical for all the proteins in the beginning and 

the diversity is seen after the trimming and maturation of glycans [232]. 

The biological synthesis of the N-linked oligosaccharides initiates in the ER where the 

preformed oligosaccharide is attached to dolichol (large chain having number of isoprenoid 

lipids) present in the ER by a pyrophosphoryl residue [22. 43]. This 14-residue 

oligosaccharide precursor molecule consists of glucose (Glc), GlcNAc and mannose (Man). 

The pyrophosphoryldolichol glycan is made on the membrane of ER in a series of steps 

catalysed initially with the help of enzymes present on the rough ER cytosolic site and later 

on the luminal face. The configuration of the preformed precursor is conserved in single-cell 

eukaryotes, plants and animals. This conserved glycan configuration i.e. G1c3Man9(GlcNAc)2  

is then transported from the carrier (dolichol) to the translating polypeptide asparagine residue 

with the help of oligosaccharide-protein transferase (OST). The consensus sequence for this 

attachment is Asn-X-Thr or Asn-X-Scr, where X may be any of the amino acid. Generally the 

N-terminal consensus sequences are being glycosylated than the C-terminal due to the folding 

of the polypcptide as it enters the ER which might hinder access for OSTs. Trimming of' 

oligosaccharides occur both in the Golgi bodies and ER with the help of glycosidases. The 

purpose of glycosylation is different in both the ER and the Golgi bodies. In ER, it is used to 

cross-check protein folding and degradation of proteins. Glycosidases I and II along with ER-

resident Mannosidasc (ERManI) catalyse the trimming via hydrolyses [57, 58]. The 
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glycoproteins that are entered to Golgi bodies after proper folding are having Man9G1cNAc2  

glycan structure in higher eukaryotes. The maturation pathway in Golgi is well organized in a 

manner with each phase relying on the earlier one. This includes both trimming and addition 

of sugars in order to generate diversity among the oligosaccharides. Golgi contains various 

enzymes in different cisternac in order to facilitate this step-wise process. The final glycan 

structures are complex oligosaccharides or high-mannose oligosaccharides or the hybrid of 

them [200]. 

1.3.4.2. 0-linked glycosylation 

In cellular biology, 0-linked glycoproteins have an important function [74] like in the 

biosynthesis of mucins (high-molecular weight proteins which form mucus), formation of 

protcoglycan core proteins used in the synthesis of cxtraccllular matrix components. 

Moreover, the antibodies playing key role in our immune system are also profoundly 0-linked 

glycosylated. 0-linked glycosylation follows after the translation on glycoproteins that are N-

glycosylated in the ER. In contrast to N-glycosylation, there is no precursor glycan synthesis 

instead the oligosaccharides are added consecutively once in a step to the threonine or serine 

residue hydroxyl group and 0-linked glycoproteins have very simple glycan structure than the 

N-linked glycoproteins. It can also occur on the oxidized forms of lysine and proline i.e. 

hydroxylysine and hydroxyprolinc found in collagen [74]. 0-glycosylation occurs with the 

transport of a solo GalNAc residue to the 3-hydroxyl group of threoninc or serine in the Golgi 

bodies by N-acctylgalactosaminc (GalNAc) transferase. GlcNAc, fucose, xylosc, galactose or 

mannose are the sugar moieties used for 0-glycosylation depending on the cell and species 

[46, 214]. Following the addition of first sugar, a variable number of sugars are added to the 

growing chain with the help of monosaccharide donors (sugar nucleotidcs). These 0-linked 

glycans can also be seen in cytosol and nucleus for regulation of gene expression or signal 

transduction through other glycosyltransferases [139] 

1.3.5. N-linked glycan precursors from prokuryotes to eukaryotes 

These glycan precursors are conserved in eukaryotes while diversity can be seen in 

case of prokaryotes. The glycan substrate for N-glycosylation is gathered at the ER membrane 

in cukaryotes while at the plasma membrane in prokaryotes. The glycan moiety is gathered on 

a lipid anchor with the stepwise addition of monosaccharides by various glycosyl trans ferascs. 

In prokaryotes and cukaryotes, the lipid anchor is conserved while there is very less similarity 

in the glycan moiety between the two kingdoms. In archaea, even larger diversity can be seen 

as the glycans can be modified via methylation, sulfation etc. [114]. In fact as in majority of 
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cukaryotes, the structure of the preformed oligosaccharide is Glc3Man9(G1cNAc)2 [22] while 

the archacal and bacterial glycan precursors are heterogeneous [264]. 
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Figure 1.4. Diversity of N-linked glycosylation in different living kingdoms. Prokaryotes 
produce lipid-linked glycans while cukaryotes are shown to synthesize preserved structure. 
Different glycan structures are transferred and these glycans arc represented by the colored 
symbols. 

1.3.6. Protein N-glycosylation in plants 

The N-linked glycosylation has a pronounced influence on the biological functions 

and physiochernical properties of proteins in plants. Most of the endornembranc system and 

extraccllular compartment proteins are N-glycosylated [191]. Recently it has been reported 

that the enzymes required in cellulose biosynthesis and normal embryogenesis belong to the 

N-glycosylation pathway like the a-glucosidase I of ER which trims glucose moiety from the 

recently produced iV-glycoproteins and the mannosc-l-phosphate guanylyltransferase which 

synthesize GDP-mannose [17, 156]. N-glycans in plants can be categorized in two clusters as 

the high mannosc-typc N-linked glycans (Man59GlcNAc2) and complex-type N-linked 

glycans which have been derived by the high-mannose oligosaccharidcs after the trimming of 

their n-iannosc residues and addition of sugar moieties to them [191]. The great characteristic 

plant assemblies contains f31,2-link xylosc and al,3-linked fucose linked with the nearest J3-

attached mannose and the GlcNAc moiety on the consensus Ma113GlcNAc2  core rather than 

the oligomannose structures (Man59G1cNAc2) present in mammals. These fucose and xylose 

glycans are not seen in mammals [70]. 

Nowadays, plants are gaining importance as they can be a platform for the production 

of recombinant proteins. The reason behind this importance lies in their capability of carrying 
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out post-translational protein modifications in a manner similar to the mammalian cells. 

Largely homogeneous, human-type oligosaceharides can be further produced by manipulating 

the N-glycosylation pathway in plant. Reports are there which shows the ability of plants to 

carry out human-like complex glycosylation [18]. Plants can also be used as another organism 

for therapeutic glycoproteins production by knocking out the N-glycan processing genes 

specific to plant or by inserting the machinery required for the addition, synthesis of human 

sugars and their transport [81]. 

1.3.7. Roles of N-linked plant glycans 

The N-glycosylation play important functions in eukaryotes such as proper folding of 

the protein and hence its function, inhibition of the degradation carried out by the proteases. 

The can also be used as signals for targeting to particular organdies, for cell-cell adhesion and 

protein identification process. Currently in order to access the importance of N-glycosylation 

in plants, many studies have been done using N-linked glycosylation and N-linked 

glycosylation processing inhibitors, mutation of Asn involved in N-linked glycosylation and 

mutants which affect the N-glycan maturation. The above methods help to completely 

suppress the N-linked glycosylation or its processing and in turn study the effects of these 

alterations on plants. 

1.3.8. Functional stability ofplanl proteins 

N-glycans help in protecting the protein from proteolytic degradation in addition to 

conferring thermal stability, solubility and function to the protein. The importance of N-

glycosylation can be understood from a simple example of concanavalin A, also called as Con 

A. Jack bean seed lectin is produced as an inactive glycosylated pro-Con A protein [33]. The 

processing of inactive pro-Con A to its active form i.e. Con A happens in the proteinaccious 

body with the involvement of proteolytic tasks to hydrolyze the glycopeptide bond of pro-Con 

A molecule [19]. Faye and Chrispeels (1986) found that N-glycosylation inhibition reduces 

pro-Con A transportation from ER towards the vacuole. In addition, it has been reported that 

the inactive form does not have any lectin activity but can be converted into its active form 

with the help of deglycosylation enzymes Endol-I [64, 190]. Therefore, the results suggest that 

N-glycosylation is significant for the transportation of Con A to the storage vacuole as well as 

for its regulation of lectin activity. Con A is a stable protein that binds to the glycosylated 

proteins [1, 228] and lectins are used in detection purposes [48]. 
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The oligosaccharidc side-chains are also thought to be involved in the glycoprotcins 

secretion into the extraccilular part as seen in the case of cell wall -fructosidasc in carrot. 

Fayc and Chrispeels (1 989) reported that the unglycosylated protein degrades in the secretory 

path or soon when it enters in the cell wall. It was also described that most of the N-linked 

glycosylated proteins are not secreted in company of an inhibitor of N-glycosylation (e.g. 

tunicamycin) [53]. 

Glycosylation of proteins has been gaining tremendous importance due to the key 

functions played by the carbohydrate moiety attached to the protein. In case of stem 

bromelain from Ananczs comosus, glycosylation favours the functional stability of the enzyme 

than the deglycosylation [115]. Deglycosylated bromelain show decreased enzyme activity 

and less stability in the organic solvents as compared to (lie glycosylated forms. 

Deglycosylated forms also show disturbed fluorescence and circular spectra with changes in 

temperature and p1-I. Function of glycosylation in providing functional stability to the protein 

is of paramount importance and can be used as a strategy by protein pharmaceuticals to 

engineer long term stable proteins. FTIR and CD studies are important techniques in studies 

related to protein [105]. 

1.4. -gIucosidase in hioethanol production 

Saccharoinvces cere'i.siae and Trichoderina reesci are mostly used fungus in the 

industries for hioethanol production. The cellulolytic enzymes secreted by these strains arc 

used in industrial bioethanol production. The hydrolysis step which converts cellulose to 

glucose is acknowledged as the main rate limiting step in the conversion of cellulosic material 

to biofuels. These lignocellulosic raw materials are used because of the low cost and huge 

availability of these materials. The enzymatic hydrolysis of these materials is a complex and 

multi-enzyme used process. The last step is the involvement of -glucosidase enzyme in the 

conversion of oligosaccharidcs to monosaccharides, which is further used by different 

fermenting enzymes to bioethanol [157]. Cellohiose. a disaccharide which is formed during 

the hydrolysis, is a very strong inhibitor of all the three enzymes involved in the conversion of 

cellulosic material to glucose. In addition to this, glucose, which is the end product of 

hydrolysis, also inhibits this hydrolysis of cellulosic material [44]. The foremost cause of this 

glucose inhibition is that, at high concentration of glucose, it binds to the active site of the 

enzymes and also prevents the active site to release the product [126. 127]. Saccharo,nvces 

cerevisiae produces very low amount of secreted -glucosidasc enzyme. which is the main 

limitation for using the native Saccharoinrces cerevisiae as a bioethanol producing strain 
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from cellulosic biomass preparation. This limitation can be overcome by adding external - 

glucosidase from other sources or by developing recombinant overexpressing f3-glucosidasc 

Saccharomyces cerevisiae strain [128]. 

J3-glucosidase with glucose tolerance property which is helpful to overcome feedback 

inhibition and along with the available commercial enzyme cocktail can improve the 

hydrolysis of cellulosic wastage [219]. Some fungal -glucosidase from Aspergillus family 

have shown this glucose tolerance, and cloned to utilise them [198]. Researchers are doing 

work in this regard and trying to produce some better strain for biocthanol production by 

changing the genome complex of the existing microorganisms. 

1.4.1. Raw materials for bioethanol production 

1.4.1.1. Lignocellulosic materials 

Lignocellulosic materials are mainly industrial and agricultural wastage, which is 

prospective cheap feedstock and can be used for sustainable bioethanol production. These 

materials are available in large quantities in many countries irrespective of the geographical 

differences. Annually, 200x 109 tons of plant biomass is produced globally and about 9-

20x 109 tons is principal biomass and remain available for bioethanol production [147]. Out of 

these plant biomass 90% is of lignocellulosic content. Over the last few years, extensive 

research has been carried out for the conversion of these materials to bioethanol [188]. 

Lignocellulosic materials are compound mixtures of polymers of carbohydrate such as lignin, 

cellulose. hemicelluloses and small amount of extractives. 

Lignin is a three dimensional aromatic polymer of phenylpropanc and it is complex 

and hydrophobic in nature. Owing to its heterogeneity and complex structure, it is the most 

complicated natural biopolymer and provides the necessary resistance towards biological and 

chemical degradation [144]. The integration of this lignin in to the plant cell walls provides 

the essential mechanical strength to the large plants, which helps these plants to remain 

straight. The building blocks and primary precursors of this lignin are (i) P-coumaryl alcohol 

(ii) coniferyl alcohol (iii) sinapyl alcohol (Figure 1.5). 
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Figure 1.5. The building units of lignin 

Hemicellulose is a comparatively less complex polymer consisting of pentoses, 

hexoses, dcoxy-hexoscs and hexuronic acids. It has an unsystematic, amorphous structure 

with very little mechanical strength. Owing to this nature, it is effortlessly hydrolyzed by 

dilute base or acid and by hemicellulosic enzymes [66]. It differs from cclluloscs by much 

smaller and branched molecular chain and by its composition of different sugar units. In 

contrast to cellulose, it has lower degree of polymerization (DP) and is highly branched. In 

the side chains, some of the hydroxyl groups have been replaced by acetyl groups, so that 

during hydrolysis, acetic acid is also liberated along with the monomeric sugars. 

Hemicellulose is linked to lignin by covalent bonds and to cellulose by hydrogen bonds [109]. 

Cellulose is a linear chain homopolysaccharide consisting of several hundreds to many 

thousands of 3-D-glucose units linked by j3 (1—*4) glycosidic bonds. It is a very important 

structural part of the primary plant cell wall. It is also present in many species of algae, fungi, 

bacteria and even in some animals [181]. It is the most available organic polymer on this 

planet Earth. The property of the cellulose varies according to the degree of polymerization. 

In nature, the degree of polymerization of cellulose chains in cotton and wood celluloses are 

15,000 and 10,000 glucopyranose units respectively [212]. Even though cellulose is a polar 

molecule having several hydroxyl groups, it is insoluble in water [148]. 

OH 
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Figure 1.6. Chemical structure of cellulose 

The percentage of cellulose, hemiccilulose, and lignin (compositional structure) in the 

general agricultural residues is shown in Tablel.1. 
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Tablel.1. Percentage of cellulose, hemiccilulose, and lignin in the agricultural residues 

Agricultural residue Cellulose Heinicellulose Lignin 

Grasses 25-40 35-50 10-30 

Rice straw 40 18 5.5 

Wheat straw 33-40 20-25 15-20 

News paper 40-55 25-40 18-30 

Solid cattle manure 1,6-4.7 1.4-3.3 2.7-5.7 

Softwood stem 45-50 25-35 25-35 

Hardwood stem 40-50 24-40 18-25 

Corn cobs 45 35 15 

Primary wastewater solids 8-15 NA 24-29 

Switch grass 30-50 10-40 5-20 

1.4.1.2. Orange peel 
Citrus waste is a low cost and renewable agricultural residue, which can be used for 

bioethanol production. Conversion of this citrus waste to bioethanol can avoid the disposal 

related problems and is helpful for oxygenating the fuel additives. Orange is the primary 

citrus fruit in India and since 1980s; the production rate has been improved tremendously. 

After juice extraction, the processed orange consists of peels, seeds and segment membranes 

[83]. This wastage contains various polymers of carbohydrates, which make it an obvious 

choice for bioethanol production by using suitable microorganisms. Individual or combined 

efforts of mechanical, chemical and biological pre-treatments are required to breakdown the 

complex polymer of cellulose and pectin and convert these cell wall polymers to 

monosaccharide units [83, 841. In enzymatic hydrolysis, the synergic activity of 3-

glucosidases and cellulascs is vital for the hydrolysis. Pentose and hcxose sugars including 

xylosc, arabinose, glucose, galactose and galacturonic acid are produced during enzymatic 

hydrolysis. Along with these sugars peel oil also liberated, which is consisted of 95% D-

limoncne. it  is highly toxic for the fermenting microorganisms hence reducing the efficiency 

of bioethanol production. By using processes like aeration and filtration this limonenc can be 

separated from this feedstock which is vital prior to fermentation [84, 2531. 

1.4.2. Enzymes for biomass to bioethanol conversion 

Most of the bio-refinery industries is now directed towards carbohydrate based 

products and it is obvious that most of the industrial research concentrating on this project. 
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For sustainable production of renewable biofucis, ethanol production from lignocelluloses is 

rising as one of the most significant technology. Bioethanol is widely accepted as an 

alternative and/or stabiliser to gasoline owing to its fewer emissions and higher octane rating 

than gasoline [257]. Increase in the interest of the commercialization of this technology has 

been observed due to this highly demanded technology, which utilises the inexpensive 

biomass. Currently majority of the world's bioethanol production depends upon the sucrose 

or starchy biomass such as molasses, beet starch, corn starch, cane juice etc. But these 

fecdstocks are also used as food, which creates a direct competition between being used as 

food and feed. Owing to this major disadvantage, economical switch of non-food 

lignocellulosic biomass to ethanol is actively sought. 

The production of biocthanol from these raw materials includes various steps of pre-

treatment, saccharification and finally the ethanol recovery from the fermentation product. 

The saccharification (hydrolysis) is a very important as it produces fermentable sugars. Two 

types of hydrolysis mainly employed for biomass conversion i.e. enzymatic hydrolysis and 

acid hydrolysis. Acid hydrolysis is a conventional method, which has several disadvantages. 

1-lowever, enzyme hydrolysis is more advanced and efficient method, function without 

generating any toxic substance. This method is in a phase of rapid development and carries 

immense potential for establishing a cost effective technology [165]. This technology can be 

widespread if we able to produce cellulose enzyme more efficiently. Enzyme production can 

be enhanced by using the raw material wisely or by strain development. 

Cellulases are multi enzyme complexes whose secretion and action is very carefully 

regulated by the regulatory machinery of the organism. Cellulose involves three type of 

hydrolysis activities i.e. endoglucanases (EC 3.2.1.4), cellobiohydrolases (EC 3.2.1.91), 13-
glucosidase (EC 3.2.1.21) [157]. Endoglucanases randomly cleave the internal 13 (1-4) 

glycosidic bonds of cellulose; cellobiohydrolases produces cellobiose by attacking the ends of 

cellulose chain and f3-glucosidase cleave the cellobiose (a dimer of two glucose molecules 

linked by a glycosidic bond) to monomeric glucose. The detail mechanism of action of 

cellulose is shown in Figure 1.7. 
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Figure 1.7. Schematic diagram of cellulose hydrolysis by cellulase complex 

Saccharo,nvces cerei'isiae produces insufficient -glucosidases (BGL) resulting in 

cellobiose accumulation. Cellobiose inhibits both endoglucanases and cellobiohydrolases 

activity [211]. Overexpression of heterologous -glucosidascs can work at high glucose 

concentration to improve the sacchari fication efficiency of natural Saccharoinvces cererisiae. 

1.4.3. Bio,nass conversion 

The conversion of cellulosic waste material to ethanol involves three major steps i.e. 

pretreatment, hydrolysis, fermentation and distillation [72] (Figure 1.7). The plant biomass is 

pretreated to open up the complex architect plant structure and to reduce the size of the 

feedstocks. This step is considered to be most important step owing to its large impact on the 

production of toxic by-product that can affect the fermentation process, digestibility of 

cellulose, and demands of down streaming waste treatment [72]. Biomass can be pretreated 

by three different methods i.e. physical. chemical, or biological and can be used individually 

or combination of these three methods [172]. An efficient pretreatment method should 

execute the following characteristics: should produce cellulose fibres with much more 

reduced crystallinity and a lesser degree of polymerizations should contain the fraction of 

hemicellulose. and should decrease energy stress [172]. Further, the amount of released 

inhibitors should be in limit so that it can't hinder the fermentation step. 
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Figure 1.7. Schematic flowsheet of the process of ethanol production from lignocellulosic 
biomass (SI-IF: separate hydrolysis and fermentation). Figure adopted from reference no. 72. 

Pretreatment is followed by hydrolysis step which include the breakdown of 

carbohydrate complex polymers to monomeric free sugars. For each glycosidic bond broken it 

requires the addition of a water molecule. Usually two methods are used to carry Out 

hydrolysis step i.e. enzymatic hydrolysis and acid hydrolysis. Enzymatic hydrolysis is 

preferred over acid hydrolysis as it produces minimum by-product, require low energy for 

functioning, need gentle operating condition, produces low amount of wastage for disposal 

and comparatively gives higher yield. The cellulase enzyme complex comprised of 

endoglucanases, cellobiohydrolases, and 3-glucosidase is used to depolyrnerise the cellulose 

to glucose. This cellulolytic enzyme complex may be secreted into the substrate medium 

called as noncomplexed system or may be attached to the microorganism's cell wall called as 

complexed system. Organisms having noiicornplexed cellulase system are mostly used in 

industry which produces commercial cellulolytic enzymes as secreted enzyme can be 

harvested quite easily [157]. 

The conversion of released sugar into ethanol by ethalogenic microorganisms is 

known as fermentation and it is the next step in the process. Recently, in industry 

fermentation is usually done by using Saccharomyces cerevisiae owing to its toughness and 

high ethanol yield. But, it can only ferment monomeric hexose sugars and not the pentoses. 

The pentose sugars can be fermented by using another pentose utilising organism 

simultaneously or Saccharomyces cerevisiae can be engineered genetically to utilise pentose 

sugars as well [237]. The high concentration of fermentation product i.e. ethanol can be 

detrimental to the fermenting organism, so continuous removal of ethanol is required for the 

smooth functioning of the system. 
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1.4.4. Strain development to enhance bioethanol production 

Generally, large quantities of cellulolytic enzymes are required for the complete 

hydrolysis of cellulose to ethanol which cost much higher than expected. This problem 

induces genetic engineers to develop much efficient yeast strains. These strains can show both 

cellulolytic and hemicellulolytic activity on their cell surface and can directly convert the 

lignocellulosic material to ethanol [92]. Various technologies have been employed for 

Saccharornyces cerei'isiae strain development to better utilize the monomeric sugars. These 

are (I) disruption of target genes for reconfiguring Saccharomyces cerevisiae metabolism (II) 

optimization of cellobiose consumption pathways (III) concurrent co-fermentation of 

cellobiose and xylosc [116]. Currently, many workers shifted their focus on joint approach of 

evolutionary adaptation, genetic engineering, and mutagenesis by using ethyl methane 

sulfonate [151], evolutionary engineering, inverse metabolic engineering, logical metabolic 

engineering, transposon mutagenesis etc. Nevoigt (2008) used to get recombinant 

Saccharomvces cerevisiae strain having high-capability of xylose fermentation [176]. 

Recombinant Saccharoinyces cerevisiae strains with inhibitor tolerance capacity as well as 

the ability to utilize glucose, arabinose and xylose simultaneously were obtained from 

evolutionary engineering experiments. Strains with novel fermentation ability have been 

developed by utilising a combination of intracellular metabolic engineering and cell surface 

engineering [92]. P61-19 is a Saccharomyces cerevisiae mutant strain which has high tolerance 

toward high concentration of I-IMF and reported to be used in industries for second generation 

bioethanol production. This strain is developed from an industrial strain, P6 by using 

evolutionary engineering [209]. By co-expressing TALl and ADH genes in Saccharomyces 

cerevisiae, the production of bioethanol can be enhanced to 127% in the presence of 70 mM 

furfural, which is a strong inhibitor [92]. 

1.4.5. Genetic alteration for Yeast improvement 

1.4.5.1 Improved ethanol production 

Studies showed that, disruption of one or a small group of genes increases the ability 

of native strains to produce more ethanol. Kong and co-workers (2007) demonstrated that by 

disrupting GPD2 (glycerol-3-phosphatc dehydrogcnase) gene and GLT1 (glutamate synthase) 

gene overexpression in Saccharornyces cerevisiae, enhances the ethanol production [124]. 

This enhancement was achieved by decreasing production of glycerol and by increasing the 

transformation rate of NADH to NAD+. 
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14.5.2. Resistance to ethanol 

Strains from natural sources were used to develop ethanol tolerance strains by utilising 

different strategies i.e. adaptive evolution. Several workers were able to create mutant strains 

that are resistance to many natural stresses, such as high temperatures [250], high acetic acid 

concentration, and high salt concentration [158]. The mutant with deletion of URA7 and 

GAL6 showed increased resistance to ethanol. A homozygous diploid Saccharomvces 

cerevisiae knockout showed better growth rate than the wild strain in 8% ethanol, Along with 

this resistance these mutant strains showed higher glucose utilization rate at low temperatures 

[263]. Global transcription machinery engineering (gTME) technology can use the mutant 

library TATA-binding protein of Saccharornyces cerevisiae to create ethanol resistance strain 

[261]. 

1.4.5.3. Improvement of heat and ethanol resistance 

Transposon- mediated mutants were currently screened for heat and ethanol resistance. 

Recently, five strains were developed with high alcohol resistance (15% of ethanol in growth 

medium) and out of these, two mutants also show resistance towards heat (42 °C). Transposon 

insertion in the promoter regions of PPG1 and SSK2 genes helps in simultaneous down 

regulation of PPG I and SSK2, which produces a heat and ethanol resistance strain. Like this, 

disruption in the PAMI gene of Saccharomyces cerevisiae produces a resistance strain [117. 

1181. The deletion of MSN2 was also linked to ethanol resistance. Msn2p in association with 

Msn4p controls a global yeast response against stress that includes almost 200 genes [167]. 

No clear phenotype was observed in single deletion mutants of MSN2 and MSN4, but 

deletion mutants of insn2 and tnsn4 are over sensitive to carbon limitation, oxidativc stress, 

heat shock and osmotic pressure stress. 

I.S. Overview- HAD-superfamily Hydrolases 

Environment is comprised of numerous halogenatcd organic compounds and many of 

them arc considered as pollutants. More than 2,400 are found to occur naturally and these 

halogenatcd compounds are extensively used as raw material for various industry goods like 

herbicides, insecticides, soil fumigants, plastics, disinfectants and solvents in the dry-cleaning 

process [79, 97]. They are the source of environment pollution and cause many human health 

problems because of their noxiousness, perseverance, and further metabolization into harmful 

products. Dehalogenases arc the enzymes which are of great importance for environmental 

hygiene as they help in degrading these halogen compounds. They help in recycling and 
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detoxification of these compounds using a substitution mechanism to cleave the carbon-

halogen bond [67, 235]. 

The haloalkanoic acid dehalogcnase enzyme (HAD) superfamily is the major family 

found with almost 48,000 sequences and is present ubiquitously in the living cells [125]. This 

family has been named after its first archaeal enzyme; 2-haloacid dehalogenase which is 

characterized with its structure [5, 99, 193]. HAD superfamily i.e. HADSF constitutes a large 

variety of HAD-like hydrolases like phosphatases which form 79% of the members and 20% 

are formed by ATPases [3, 24]. This family is conquered mainly by phosphotransferases and 

are responsible for the transfer of phosphorous group to the active site aspartate residue. 

Phosphatases in HAD family are responsible for numerous roles like nutrient uptake, signal 

transduction, metabolic processes, nucleic acid repair and conservation of metabolic pools [3]. 

This group of enzymes also have industrial application [222]. 

Transfer of phosphorous group is generally used for cell signalling in all the living 

kingdoms from prokaryotes to eukaryotes. It is used as an approach to counter to different 

internal and external stimuli [56]. Phosphatascs help in phosphorous transfer reactions by 

removing the phosphorous group from biological molecules [184, 122]. Almost 35-40% of 

the bacterial genome is composed of molecules carrying a phosphate group [131]. Although 

there are many enzymes responsible for phosphoryl transfer but they belong to different super 

families which are evolutionary dissimilar and have different structural folds. l-IADSF are 

widely distributed from prokaryotes to eukaryotes and comprise more than 30,000 members 

• with 6,805 proteins [4, 12]. The number of HAD genes can vary like from 10 to 20 in bacteria 

to 115 in Arabidopsis thaliana and 100 in humans [166]. Their key catalytic activities are 

processed through phosphoryl transfer and constitutes a large number of uncharacterized 

enzymes, some are known to possess dehalogenase (carbon-halogen bond hydrolysis), 

phosphatasc (carbanoyl-phosphate bond hydrolysis), phosphonatase (carbon-phosphate bond 

hydrolysis), -phosphoglucomutase activities (carbanoyl-phosphate bond hydrolysis and 

intramolecular phosphate group transfer) [3, 125]. Mainly they are hydrolases (phosphatases 

and ATPases) while hexose phosphate mutases form the minority. I-IADSF being a large 

superfamily with the HAD fold being seen in large number of diverse phosphohydrolases 

within a given organism creates a necessary for exploring new catalytic activities and 

substrate specificities. Divergence of the I-IADSF catalytic framework is quite significant in 

terms of embracing both the phosphomutase i.e. the transfer of phosphoryl groups between 
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hexose hydroxyl substitucnts and phosphonoacetaldehyde hydrolase i.e. hydrolysis of 

phosphonate (phosphate-carbon bond) [136,170]. 

FIADSF members have little sequence similarity between them, therefore the reactions 

catalyzed and their substrate specificitics have to be determined biochemically rather than on 

the basis of their sequence analysis. Kuznetsova Ct al, (2006) used a set of 80 phosphorylated 

substrates to illustrate the FIAD family substrate specificities in Escherichia co/i genome. The 

results showed -phosphoglucomutasc in only one protein out of the 23 soluble IIAD 

members investigated and 21 members showed small molecule phosphatasc activities. E.co/i 

HADSF members are not specific for a single substrate, instead they show affinity towards a 

large number of phosphorylated molecules which are trans ition-intermediates of many 

biological reactions and thus have wide overlying substrate spectra. Interestingly, it was also 

seen that they hydrolyse various small phosphate donor molecules like carbamoyl phosphate, 

acetyl phosphate, phosphoramidate etc. which mimics the autophosphorylation of the 

response regulator CheY of the two component systems. Thus I-IADSF have a large number 

of secondary functions and constitute a pool for evolution of the novel phosphatascs. A 

chemotaxis phosphatase has been characteerized by Zhao et al. (2002) [268]. 

1.5.1. Haloacid dehalogenases and their classification 

Haloacid dehalogenases yield the corresponding 2-hydroxyalkanoic acids after the 

dehalogenation reaction i.e. 

RCI-IXCOO + OFF ' RCHOHCOO + X 

The halogenases arc divided into four types based on their substrate choice and the - 

conformation of the product. The first class catalyse the dehalogenation of the L isomers of 2-

haloacids like chloropropionate (2-CPA) and yield the inverting configuration i.e. D-2-

hydroxy acids like D-lactatc here. The second class i.e. the D-isomer specific is only active on 

D isomers of the 2-haloacids like D-2-chloropropionatc and yields the equivalent L-hydroxy 

acids. The other 2 classes are formed by the D, L-cnantiomer specific, which catalyze the 

dehalogenation of the L- and D- isomer of haloacids like 2-CPA. One group catalyzes the 

reaction with inversion of the conformation while the other with retention [80, 149]. Thus 

their specificity towards the stereochemistry of the substrate is useful to dehalogenate a 

particular isomer from its racemic mixture for the creation of chiral 2-hydroxyalkanoic acids, 

which serves as important material for the production of various pharmaceuticals in addition 

to the cleaning of the hazardous halogenated compounds in the environment. 
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1.5.2. Unique Rossmann fold 

HAD is a large superfamily with its ubiquitous presence in all the kingdoms and its 

ability to act on the diverse substrates is quite remarkable. HAD superfamily members 

possess a conserved Rossmann fold consisting of an af3 domain which surrounds the active 

site. The Rossrnann fold is typical to the HADSF in having the acidic catalytic residues at 

regular positions. They are also unique from other Rossmann fold by the presence of two 

motifs called as: a flap i.e. a beta-hairpin turn and a squiggle i.e. a distinct helical turn [3, 24, 

153]. These two structural motifs are thought to help the enzyme in having different 

conformations required for the specificity and catalysis. Also, Rossmann fold is seen with 

caps or inserts at these two positions. 

- 1.5.3. Overview of the HADSF structure 

The catalytic core domain i.e. Rossmann fold has a typical topology with a three layer 

sandwich with periodically occurring ci/3 units. Central sheet which forms the active site is 

composed of five strands which follow 54123 order and are named as Si to S5 [24]. Although 

there is little sequence similarity between the members, but they can be recognized by four 

conserved motifs located around the binding cavity at the C-terminus of the central sheet 

strands. The active fold is comprised by four loops containing these four motifs which acts as 

signatures for the family [125]. The motif I,DxD sequence is present at the end of strand 1, 

where X is any amino acid between the two Aspartate residues. The first aspartate residue 

corresponds to the nucleophilic residue [36]. These two aspartate residues help in the 

coordination of Mg2  ions required for the activity of phosphatases. Motif II is the strand S2 

with the conserved serine/threonine which helps in binding the phosphorous moiety of the 

substrate. Motif II and III are thought to help in the stability of the transition intermediate of 

the catalytic reaction. Motif III is present on the helix located next to strand S4 and contains a 

conserved Lysine which is expected to stabilize the negative charges on the nucleophilic Asp 

and the phosphorylated intermediates as seen in case of arginine fingers [2]. This lysine can 

also be seen on the loop just present succeeding to the helix. Motif IV contains two or three 

Asp residues at the end of strand S4. These Asp residues follow a particular signature like 

DD, GDXXXD, GDXXXXD in different subfamilies of 14AD [24]. This motif also helps in 

coordinating the Magnesium ion [99. 1851. This conserved core form the basic catalytic 

machinery in all the HADSF members facilitating acceptor molecule for its nucleophilic 

attack and substrate molecule i.e. phosphate moiety in positioning, binding and activation for 
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its transfer. There are vast diversity of microbes found in soil that are pathogenic to both 

plants and animals and their proteins used as drug targets [48]. 

1.5,4. Catalytic ,nechanis,n 

Mechanism of transfer of phosphorous group and the catalytic machinery involved is 

conserved throughout the I-IADSF. They have a common catalytic core Rossniann fold 

domain comprising of four motifs which binds the Mg2  ion as its cofactor and also rcorients 

the phosphate moiety for nucleophilic attack [3, 136]. The motif I comprises two Asp 

molecules, of which the first turns for the nucleophilic attack forming an aspartyl-pliosphatc 

intermediate [9. 189, 208] while the other i.e. the second Asp acts as a general acid/base 

catalyst in the phosphorous group transfer in phosphatase and phosphomutase members of the 

J-IADSF [40]. This Asp first protonates the substrate leaving group and then deprotonates the 

nucleophilc [136]. I-Iowcvcr a threonine replaces this Asp in the AlPascs members, leading 

to slower hydrolysis reaction. Also, alanine can be seen at its place in phosphonatascs [24]. 

The aspartyl-intermediate formed then transfers its phosphorous group to a water molecule 

resulting in the formation of an alcohol in case of phosphatases. In case of mutases, it is 

transferred to a hydroxyl group of sugar [153]. These catalytic core residues are conserved in 

all the I-IADSF phosphotransferases and are thought to form a mold which helps in stabilizing 

the trigonal bipyramidal transition states intermediates by electrostatic interactions. The 

beginning of the interaction i.e. the formation of enzyme substrate complex to the aspartyl-

intermediate and then to the end product complex is stabilized by the electrostatic interactions 

with the equatorial and axial atoms of the moving phosphate moiety in the mold [3]. This has 

been reported in I-Icxosc phosphate phosphatase BT4 131 from Bactero ides thetaiotaomicron 
VPI-5482 [154]. The crystal structures of the wild type and the mutant type of 1-lexose 

phosphate phosphatase (HPP) in complex with Mg2  and vanadate or tungstatc have been 

solved. The Lungstate and the vandatc complex forms a trigonal bipyramidal symmetry with 

the Asp8 (nucleophilic residue) and an oxygen in the apical location. The mutation of the 

second Asp in motif I i.e. Asp 10 which acts as a general acid/base in the catalysis reaction 

leads to the shattering of the electrostatic interactions and the bipyramidal complex. Thus the 

chemical mechanism and the catalytic machinery involved is preserved in all FIADSF 

members. 
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1.5.5. Substrate specijicities 

The catalytic core domain cleft residues is used for the transfer of phosphate group 

while the residues needed for substrate specificity are present outside this cic1 [135. 137. 

267]. The reason for the substrate diversity in the HAD suhfamilics lies in the diffirent 

substrate residues present outside the core domain in an additional region called the cap 

domain. This cap domain shows widespread evolutionary divergence in its fold and location. 

The HADSF can be divided into three suhfamilies based on this cap domain responsible for 

specific substrate recognition [155]. They are: 

1.5.5.1. Subfamily I 

The Cap Ci subfamily consists of an u-helical domain located between the catalytic 

motif I and 11. This cap is introduced right into the n-hairpin of the flap motif and is 

responsible for checking the entry of substrates to the active site. Single substrate specificity 

loop has been found and its residues interact with (lie leaving group. The size of the cap is 

variable from two to eight or more helices [3]. This cap can be found in the eN-I nucleotidase 

families and acid phosphatases. Some examples are (z-phosphoglucomutase ((x-PGM) [138]. 

phosphonoacctaldchyde hydrolase (phosphonatase) [166, 135] and phosphoserine 

phosphatase (PSP) [247,248]. 

1.5.5.2. Subfamily I! 
The capping domain Cap C2 consists of mixed (x/P fold and is located between the 

motif 11 and ill. This sequence is found in the linker region that occurs alter strand S3. This 

cap is found to form a roof over the active site and the displacement of flap helps in regulating 
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its activities [24]. There can be two substrate specificity loops depending on the size of the 

cap domain. This C2 cap can be further divided into two subfamilies i.e. C2a (NagD 

phosphatases) and C2b (phosphoglycolate phosphatase) depending on the u/f3 topology 

amongst their members [1 53. 229]. 

1.5.5.3. Subfwni/r 111 

In this CO subfamily, no domain is present between any of the three motifs i.e. the 

first and second or the second and third motif, This subliimily acts on the phosphorylated 

proteins and can be seen in histidinol-phosphatase, magnesium dependent pliospliatases [185]. 

Example is deoxy-D-mannose-octulosonate 8-phosphate (KDO 8-P) phosphatise [155]. 

I) 

EE2u1 

0 

Figure 1.8. Ribbon representations of (A) [3-PGM (Subfamily I), NagD (Subfamily hA), 
phosphoglycolate phosphatase (Subfamily IIB) and Magnesium-dependent phosphatase 
(Subfamily III) shown from left to right. Topology of cap domains of type I subfamily (B), 
type hA subfamily (C), type IIB subfamily (D). 

1.5.6. Functioning of the cup domain 

Most of the l-IADSF members have Cap I or Cap 2 or rarely both of them in some 

members. Rearrangement of the cap domain in respect to the core domain can further result in 

two configurations i.e. the open and the closed cap conformation [266]. In the closed-cap 

domain, residues from the cap domain that form the substrate specificity loop protrude into 

the active site to facilitate binding of the reactant and its catalysis [135, 153]. However in the 

open-cap domain, the active site faces the solvent directly for reactant binding and release of 

leaving group [169]. The cap-closing movement differs between the Capl and Cap2 members 
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although both of them act on small substrates only. Cap 1 movement is just like a clam i.e. it 

moves on a mechanical hinge as compared to the screw motion of the cap domain over the 

catalytic core region in Cap2 [3]. Thus the cap domain is responsible for the distinct substrate 

specificity and its catalysis. 

However, the idea that the cap domain location and its occurrence can be predicted 

from the sequence alone is not worthy as absence of the cap domain still doesn't allow an 

open active site [3]. Oligomerization of the core domain helps in closing the active site as a 

boundary and also provides specific residues from adjacent region for the catalysis. This can 

be seen in case of Bacteriodes thetaiotaornicron 2-keto-3-deoxy-D-glycero-D-galacto-9-

phosphonononic acid phosphate (KDN9P) phosphatase [155]. 
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2. CLONING, EXPRESSION, CHARACTERIZATION AND BIOINFORMATIC 
- STUDIES OF PUTRANJIVA ROXBURGHII FAMILY I GLYCOSYL 

HYDROLASE (PRGHI) 

2.1. Introduction 

The structural diverseness of the carbohydrates provides an advantage for the 

multiplicity of biological functions, from storage to highly precise signalling roles in the 

living organisms. This diverseness is the consequence of the action of large spectrum of 

enzymes involved in the synthesis, modification and breakdown of carbohydrates. Glycoside 

hydrolases (GHs; EC 3.2.1 .x) are a wide spread collection of enzymes. They specifically 

cleave the glycosidic linkage between a non carbohydrate moiety and a carbohydratc or 

between two or more carbohydrates. Almost in all living organisms, the selective cleavage of 

glycosidic bonds is vital in a variety of essential biological processes. These enzymes 

constitute 133 protein families (CAZy: http://www.cazy.org/)  basing on the amino acid 

sequence similarities 38, 95]. Plant GH enzymes locate in different compartments of cells 

and play an important roles in various physiological functions like cell wall polysaccharide 

metabolism, hydrolysis of starch, lignification, seed germination, activation of 

phytohormones and defence compounds, mobilization of energy, signalling, vitamin B6 

metabolism, participation in biosynthesis and rcrnodulation of glycans. symbiosis [21, 141, 

164, 171. 213]. 

Glycoside hydrolases family I contains different enzymes with well-known functions 

i.e. 0-fucosidasc (EC 3.2.1.38), -glucosidasc (EC 3.2.1.21), 3-galactosidase (EC 3.2.1.23), 3-

niannosidasc (EC 3.2.1.25), exo--1, 4-glucanase (EC 3.2.1.74) etc. 3-glucosidasc 

characterized till date fall primarily in glycosidc hydrolase families 1, 3 and 5 with family I 

3-glucosidascs being more abundant in plants (93). -glucosidase of this family may have 

high specificity for glucosides or in addition to this may hydrolyse fucosides and/or 

galactosides [25, 77, 90, 142, 244 ]. In the case of ahnond enzyme a common catalytic site 

showed all the above three activities [243] where as enzyme from sheep liver showed two 

active sites for these three activities [32]. Clearly, f3-glucosidases show a range of substrate 

specilicitics. Since in plants, 3-g1ucosidases play some vital roles, it is necessary that these 

enzymes particularly act upon their own substrates and this is achieved by the enzyme 

localization in the cells and the nature of aglycone specificity of the enzymes. 3-glucosidasc, 

_galactosidase activity are comparatively more studied than the f3-fucosidase activity. Most 

of the extensively studied fucosidases are a-fucosidases. J3-fucosidascs are less common and 
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their functions are not understood completely, still from biochemical and biophysical point of 

view this enzyme is very interesting [77]. 

The amino acid sequences of the plant GH1 enzymes share high percentage of identity 

among each other and the members of this family possess a (3/a)s-barrcl structure. The two 

catalytic glutamates included in the Y(T/V)TENG and TFNEP conserved pcptidc motifs of 

this family act as the catalytic nucleophilc and catalytic acid/base respectively [34]. Despite 

of all these similarities, all the plant GI-Il enzymes show great diversity in substrate 

specificity. For example the -glucosidascs from the two species of Dalbergia arc sharing 

over 80% amino acid sequence identity, despite of this they weakly hydrolyzes each other's 

natural substrate [205]. Similarly, dhurrin is hydrolyzed by dhurrinase (Dhrl) of sorghum and 

not by 3-glucosidasc of maize (ZmGlul) regardless of the high sequence similarities between 

them. This substrate specificity is attributed by the small variation in the amino acid sequence 

adjacent to the active site of enzyme. 

It is important to compare between native and recombinant form of a same protein. A 

number of comparison studies demonstrated that, there was considerable distinction between 

the two forms of protein from structural and functional point of view [34, 177, 269]. 

Specifically it is very critical when we compare a native form of a cukaryotic protein with its 

recombinant form heterologously expressed in bacterial system. It helps to depict the role of 

post translational modifications towards the behaviour of the proteins. The most common and 

best studied post translational modification is N-linked glycosylation, where oligosaccharidcs 

arc attached uniquely to the asparagines residues found in Asn-X-Scr/Thr recognition 

sequence in protein. Several studies showed that the N-linked glycosylation is important for 

both structure and function of some eukaryotic proteins [29, 76, 174,]. 

Our earlier study targeted on the detection and partial characterization of a heat 

resistance family I glycoside hydrolase enzyme (PRGI-ll) having both f3- glucosidase and 3-

galactosidasc activities [183]. This native form of this enzyme was sourccd from the seeds of 

Putranjiva roxburghii plant. It is a medicinal plant belongs to Euphorhiaceae family. The 

main purpose of this study is to make a comparison between the native (nPRGHl) and 

recombinant form (rPRGFIl) of this enzyme. For this, the prghl gene was cloned and 

expressed in bacterial system and the meticulous characterization of both native and 

recombinant form of this enzyme has been carried out. In this work, we also identified the 

critical amino acids supposed to take part in the activity by making several mutants. A 

meticulous bioinforrnatics work has been carried out to support the whole study. 
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2.2. Materials and methods 

2.2.1. Materials 

All the substrates and inhibitors, methyl a-D-mannopyranoside, Ni-NTA, imidazole, 

IPTG, PMSF, inhibitor cocktail were obtained from Sigma-Aldrich Pvt. Ltd. Concanavalin A-

agarose was obtained from Merck and restriction enzymes, taq polymerase, phusion 

polymerase, ligase and PNGase F were obtained from NEB. 

2.2.2. Purification of native enzyme 

One-step purification strategy for native PRGI-I1 enzyme (nPRGIII) was employed as 

compared to the lengthy four step method reported earlier [183]. We employed affinity 

chromatography using concanavalin A-agarose resin. Mature green seeds of P. roxburghii 

collected locally were used for purification. After removal of the hard seed coat, seeds were 

crushed and soaked in binding buffer (20 mM potassium phosphate; pH 7.4, 500 mM NaCl). 

A clear extract was prepared following centrifugation and mixed to the concanavalin A-

agarose column pre-equilibrated with binding buffer. Then the column along with the extract 

was incubated at 30 C for 1 hr with intermittent mixing at regular time interval. The column 

was washed extensively with the binding buffer followed by a stepwise elution using 20 mM 

and 500 mM of u-D-mannopyranosidc dissolved in binding buffer. An incubation period of 

15 min at 30 °C was given prior to each elution. Eluted protein fractions were evaluated on a 

12% SDS-PAGE and pure nPRGH1 protein fractions were dialyzed against the buffers 

according to the next experiments. 

2.2.3. Isolation of mRNA, and synthesis of cDNA 

TRizol-based method by Meng et al. was used for total RNA isolation from 7-week-

old P. roxburghn seeds with slight modifications [161]. 25 mg of polyvinylpyrrolidone 

(PVPP) per gram of seed was added in the extraction buffer for removal of pigments. The 

obtained RNA pellet was dissolved in nuclease free water and the RNA purity (A260I28o) and 

RNA yield (A260) were calculated spectroscopically. First strand of cDNA was reverse 

transcribed from total RNA using oligo (dT)17  and gene specific primers as per experimental 

need. Initially total RNA was denatured and to the denatured RNA following components 

were added to synthesize cDNA. 
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5X Reaction buffer 10 11 

20 mM Olgo(dT)17  primer/GSP 5.0 iii 

10mM mixed dNTPs 5.0 p1 

20 unit/t1 placental RNAsc inhibitor 0.5 tl 

100 unit/tl Reverse transcriptase 1.0 p1 

H20 up to 50.0 p1 

The above reaction mixture was incubated for 90 minutes at 40 °C in PCR machine. After 90 

nun incubation, reaction was stopped by heating at 95 °C for 5 minutes. The synthesized 

cDNA was cleaned and concentrated using kit (Zymo Research, USA) and stored at -20 °C 

for further use. 

2.2.4. cloning of PRGHJ gene 

On the basis of N-terminal sequence of nPRGH1, several combinations of forward 

degenerate primers were designed [183]. By using these forward degenerate primers and 

reverse oligo (dT)15  adaptor primer (listed in Table I . 1), we tried to perform 3' RACE-PCR to 

get the partial gene sequence but unfortunately it didn't work. From the sequence alignment 

of the glycoside hydrolases family I proteins of Euphorbiaceae family, we found some highly 

conserved regions. Basing on two conserved regions (FGDRVK and YITENG) degenerate 

primers were designed. FGDRVK and YITENG were used to design degenerate forward (DP 

I) and degenerate reverse primer (DP 2) respectively. The segment flanking by this two 

amino acid stretches was amplified and sequenced. To get the downstream and upstream gene 

sequence, on the basis of partial determined nucleotide sequence, gene specific primers were 

designed. For 3' RACE-PCR, a gene specific forward primer (GSP 1) and reverse oligo (dT)15  

adaptor primer were used [202]. To get the upstream gene sequence, by using specific reverse 

primer (GSP 2) specific eDNA was prepared. Then, a nested PCR was carried out by using an 

N-terminal sequence based forward primer (DP 3) and a specific reverse primer (GSP 3). 

PCR product was purified, cloned and sequenced. Based on this sequence, two specific 

reverse primers (GSP 4) and nested primers (GSP 5) were constructed to perform 5'RACE to 

get the upstream signal sequence of PRGHI gene [203]. Reverse transcription was carried out 

with the GSP 4 primer for 5' RACE-PCR. and then following nested PCR was carried out by 

using GSP 5 as reverse primer and forward oligo (dT)15  adaptor primer. The 5' RACE-PCR 

product was cloned and sequenced. The complete ORF was acquired by using GSP 6 and 

GSP 7. In this amplification, eDNA was made by using oligo (dT)17  primer. The PCR product 
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was run on 0.8% agarose gel copolymerized with ethidium bromide. The amplification 

product was sequenced after ligating into pGEM-T cloning vector (pGEM-T-PRGHI). 

Table 2.1 List of primers used for the cloning and expression of PRGHL, 

Primer specification Sequence 5'- 3' 

GH I nFW 1 TCCTGATGATTTCATTTTTGCJ 

GI-1 1 nFW2 AAYWSNTTYAT1-IMONWSNGCNTT 

OH 1 nFW3 GCNTTYCCNGAYGAYTTYATHTT 

GHnFW4 AAYWSNTTYATHMGNWSNGCNTTYCC 

DPi CAGCCATATGTTTGGKGAYCGAGTSAAR TAY TAY 

DP2 CGCACTCGAGTCAYCCATTYTCAGTAATRTA 

CJHSPFW I CAAGAGCTTATGCAACTCGAGGATATGAC 

GHSPFW2 GGCATTTGGATCCTATAACCTATGGTCACTATCC 

GHSPFW3 CCAAAGATGCGTACAGAAATCCAACAATG 

GHSPFW4 GGHAGAGGASCYAGTRTHT000AYACATTTAC 

GFISPRV I CATTGTTCjGATTTCTGTACGCATCTTTGG 

GHSPRV2 GTGACCATAGGTTATAGGATCCAAATGCC 

GHSPRV3 GTCATATCCTCGAGTTGCATAAGCTCTTG 

5 'race I CATCTCCATTGCTGCGGTCTG 

5 'race2 CCTTCGTACTGGTAAGCTGC 

RACE Adaptor primer CTGATCTAGAGGTACCGGATCCTTTTTTTTTTTT ITT 

GHSPFW ATGATCACCATGGCTCCTCATCAG 

GHSPRV I TTAAGCGGCTGCTGATCTAATAGAATAACC 

GFISPRV2 TTAAGCGGCTGCTGATC 

Oligo(dT)17  Primer TTTTTTTTTTTTTTTTTTTT 

PRGH 1 EF CAGCGCTAGCAATTCCTTCAACAGAAGTG 

PRGH 1 ER CTTGCGGCCGTCATGCTG ATCTAATAGAATAAC 

2.2.5. construction oft/ic expression plasmid 

The ORE of prghl gene, excluding the native signal sequence was amplified from the 

recombinant plasmid pGEM-T-PRGFI1 by using the primers PRGH1EF and PRGH1ER 

having overhanging regions encoding Nhel and Eagl restriction sites respectively. The 

purified amplification product was double digested with Nhel and Eagi and was inserted in to 
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pET-28c(+) vector. Correct construction was checked by restriction enzyme digestion and 

subsequent DNA sequencing. 

2.2.6. Overepression and purification of recombinant PR Gill 

The recombinant pET-28c(+)-PRGH1 was transformed into freshly prepared E. coli 
BL21 (DE3) cells for expression of recombinant PRGI-I1 (rPRGI-J1) enzyme. The rPRGFIl 

was overexpressed at 16 °C for 12 hrs with 200 iM IPTG. Cells were harvested by using 

centrifuge and kept at -80 C until further actions. Expression and solubility of the rPRGHl 

was checked by examining the supernatant and pellet of lyscd cells on 12% SDS-PAGE. 

For the purification of histidine-tagged rPRGHl, metal ion affinity chromatography 

was employed. The frozen cell pellets were resuspended in buffer A [50 mM Tris-Hcl; p1-I 

8.0. 15 mM imidazole, 500 mM NaCl, 5% glycerol (v/v), 5 mM 13-ME with lysozyrne (0.5 

mg/mi) and 0.3 mM Phenylmethylsuiphonyl fluoride and protease inhibitor cocktail 

included]. Cells were sonicated and subsequently the lysate was clarified by ccntrifugation. 

The obtained supernatant was mixed with Ni-NTA column pre-washed with buffer A and 

extensive washing with buffer A was carried out to remove unbound proteins. The bound 

proteins were collected by stepwise elution with buffer B [50 mM Tris-Hcl pFI 8.0, 50 mM 
imidazole. 5 mM 13-ME, 500 mM NaCl, 5% glycerol (v/v)] and buffer C [50 mM Tris-Hcl 

pH 8.0, 5 mM 13-ME,  300 mM imidazole, 500 mM NaCl, 5% glycerol (v/v)]. After examining 

the eluted fraction on 12% SDS-PAGE, the pure protein fractions were collected together. 

Further, the pure rPRGI-I1 was administered to TEV protease cleavage for removal of the N-

terminal His-tag at 4 'C for 12 hours and simultaneously dialyzed against dialysis buffer 

containing 50 mM Tris-Hcl; pH 8.0, 5% glycerol(v/v), 100 mM NaCl. A reverse Ni-NTA 

column was run to remove the cleaved I-us-tag, uncleaved protein, and the His-tagged TEV 

protease. The flow through having His-tag cleaved rPRGI-1 I was saved and concentrated by 

using an Amicon Ultra concentrator with a cut off value of 30 kDa (Milipore, Bedford, 

Massachusettes, USA). 

12.7. Circular dichrois,,z spectroscopy 

CD study of rPRGI-I1 was carried out on a Chirascan Circular [)ichroism 

Spectrometer. Far-UV CD spectra (190-260 nm) were collected using 1 mm path length 

quartz cell at 25 °C with band width of 1 nm and time per point was 0.5 s. The CD spectra 

were analyzed using online DICHROWEB programme. The CD results were expressed in 

terms of mean residue el lipticity. 
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2.2.8. Oligoinerization study of PRGHI 

Previously, the gel filtration chromatography study showed that PRGHI is a 

monomeric enzyme with an approximate molecular weight of 66 kDa. Here, we analyzed the 

effect of concentration on the oligomeric state of nPRGHl by using NATIVE-PAGE, 

dynamic light scattering and analytical size exclusion chromatography. Both the nPRGI-Il and 

rPRGHI were used at two concentrations (15 and 45 p.M). 

NATIVE-PAGE 

NATIVE-PAGE was performed for various concentrations of both nPRGHl and 

rPRGiI 1. Electrophoresis was conducted by using Tris-glycinc buffer (pll 8.3) as electrode 

buffer and at a constant current of 20 mA at 4 °C for 4 h. Subsequently, the gels were stained 

by Coornassie Brilliant Blue R-250. 

Analytical size exclusion chromatography 

Analytical size exclusion chromatography was used to determine the oligomeric states 

of both nPRGIIl and rPRGHl. The chromatography of protein samples were performed using 

Agilcnt Bio SEC-S (5 p.m. 300 A, 7.8 mm x  300 mm) HPLC column. Experiments were 

carried out at a flow rate of 0.4 inl/min using 50 mM Tris-HCl; p1-I 8.0, 100 niM NaCI at 

room temperature. Aliquotes of 20 p.1 protein samples were injected at two protein 

concentrations i.e. 15 and 45 p.M. A standard curve was created using bovine thyroglobulin 

(670 kDa), bovine y-globulin (158 kDa), chicken conalbumin (75 kDa), bovine serum 

albumin (66 kDa), and chicken ovalbumin (44 kDa). Prior to injection all samples were 

filtered through 0.22 p.m filters. 

('ç) Dynamic light scattering 

The effect of concentration on the oligomeric state of nPRG1Il and rPRGII1 were 

further investigated using dynamic light scattering techniques. Samples of protein preparation 

(15 and 45 p.M) were filtered through 0.22 p.m filter prior to the collection of scattering data 

and transferred into a quartz cuvette and placed in a thermostated (22 °C) ccli holder. To 

determine the hydrodynamic radii of various protein samples. Dynamic light scattering (DLS) 

experiments were executed in laser-spectroscatter 201 by RiNA GmbH (Berlin. Germany). 

Data was analyzed by using PMgr v3.olpl7 software provided with the instrument. All the 

DLS experiments were repeated ten times and an average value were calculated with standard 

errors. 
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2.2.9. Enzyme activity assays and kinetics parameters 

Assay using pNP-Glycosides 

In our earlier study we have characterized nPRGHl using p-nitrophenyl f3-D-

glucopyranosidc (pNP-Glc) and p-nitrophcnyl f3-D-galactopyranosidc (pNP-Gal) as substrate. 

In the present study we have used p-nitrophcnyl -D-fucopyranoside (pNP-Fuc) as a new 

substrate to characterized nPRGH 1. The kinetics parameters like Km, Vrnax, Kcat, and 

KcatlKm were determined from Lineveaver-Burk plot by using pNP-Fuc. Recombinant 

PRGI-Il was assayed using all the three pNP-Glc/pNP-Gal/pNP-Fuc) substarate. Kinetic 

parameters were determined for substrate of interest. 

Assay using glucooligosaccharides and natural 3-D-Glycosides 

The activity of PRGHI on various glucooligosaccharides and natural substrates was 

analyzed by quantifying the released glucose using glucose assay kit (Sigma). Activity was 

evaluated in triplicate in 50 mM citrate phosphate buffer: p'-1  4.8. at 65 °C after I hr of 

incubation. Reactions having no enzymes served as controls. 

2.2.10. Mixed substrate analysis 

By using equimolar combinations of pNP-glycosidcs as substrates (pNP-Fuc/pNP-Glc, 

pNP-Fuc/pNP-Gal. pNP-Glc/pNP-Gal), mutual competition studies were carried out. The 

theoretical maximal velocities for competing substrates were calculated using the equation 

used in the previous study [26]. In each competition study the molar ratio between the two 

substrates was kept one. 

2.2.11. C7zaracferization of nPR GHJ and rPR Gill 

The optimum pH values for the nPRGH I activity towards pNP-Glc and pNP-Gal were 

determined previously [183]. The p1-1 profiles were constructed by determining activity of 

nPRGIIl towards pNP-Fuc and activities of rPRGIIl towards all three pNP substrates. The 

reactions were carried out as described in our previous study [183]. The pH stabilities of 

nPRGH1 and rPRGFIl were calculated by incubating the reaction mixtures without the 

substrates at 37 °C for 24 lirs in a range of different pH buffers. The residual enzymatic 

activity was measured with pNP-Glc as a substrate. 

In our previous study, the optimum temperatuc values for the nPRGIll were 

determined by using pNP-Glc and pNP-Gal as substrates. The effect of temperature on 
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rPRG1-I1 activities were measured by keeping the enzymes at temperature starting from 25 °C 

to 90 °C for 10 miii and pNP-Fuc, pNP-Glc, and pNP-Gal used as substrates. The temperature 

optimum for the lucosidase activity of nPRGI-I I was also studied by using the standard 

procedure. The thermostability of nPRGHIand rPRGfll was studied by incubating the 

reaction mixture for 30 mm, with temperatures starting from 25 °C to 90 °C and the residual 

activity was measured by using pNP-Glc as substrate. All the experiments presented were 

executed in triplicate. 

2.2.12. Construction of PRGHJ in utants 

Using the QuickChange site directed mutagenesis kit (Stratagene) mutations were 

performed by following the manufacturer's instructions. The pET-28c(±)-PRGIIl plasmid 

was used for mutations. Mutations and synthetic mutagenic oliginucleotide primers are 

indexed in table 2.2. PCR was carried out with Phusion polymerase, a pair of primers 

designed for a particular mutation, and pET-28c(+)-PRGH1 plasmid as template. Resulted 

PCR product was subjected to Dpnl restriction enzyme digestion to digest the methylated 

template. XLI blue competent cells were transformed with the digested product. The 

successful introductions of the desired mutations were verified by DNA sequencing of the 

mutated constructs using pET-28c(+) specific universal primers. The rPRGlI1 mutant 

proteins were expressed, purified and assayed by using pNP-Glc as described above for the 

wild type rPRGFi 1. 

Table 2.2. Mutations and their respective designed primers. 

Mutation Forward Primer (5'-3') Reverse primer (5'-3') 

El 73N AACAATTCCTTCCAGAGAAGT GTCATCGGGAAAGGCACTTCTC 
GCCTTTCCCGATGAC TGGAAGGAATTGTT 

E389N GGACTACTTTCAATAACCCAAG GCTCTTGGGTTATTGAAAGTAG 
AGCTTATGCAACTCGAGG TCCAATACTTCACTCGGTC 

NI 72Q CATTACCAACAATGGATACAA CATCTTGATTGTATCCATTGTTG 
TCAAGATGATAATGGCACCGT GTAATGTACATTGTTGGATTTC 
ACC  

• 2.2.13. Bioinformalics analysis 

The primary sequence of GHI enzyme of Putranjiva roxbhurgii was retrieved from 

NCBI database using accession no. AHN8564. BLAST was performed to identify the 

sequences showing significant similarities to GI-Il and these homologous sequences were 
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retricvcd from NCBI database. Multiple sequence alignment was done using CLUSTALW 

taking default paramcters [227]. MEGA 6 was used to construct the ph'ylogenetic tree with 

1000 bootstrap replicates using Maximum likelihood method based on JTT matrix-based 

model [225]. Secondary structure predictions were done using ESPript server [195]. Since 

there is no crystal structure available for GFI 1 enzyme in PDB, homology modeling was done 

to predict its three dimensional structure. BLAST search was done against PDB to identify the 

suitable template for GI-Il! homology modeling. Crystal structure of Rice with PDB ID: 3PTK 

was used as a template based on the 55% sequence identity between query and template 

protein sequences. Models were generated/Modelling was performed using Modeller 9. 10. 

Out of 10 models generated, models having lowest DOPE score were subjected for 

stereochemical evaluation using WI-IAT CHECK Verify 3D and PROCHECK. Validating the 

Ramachandran plots, the best model was subjected to energy minimization using Swiss-PDB 

viewer. Refined model was further verified using ERRAT of SAVES server. Prosa energy 

plot is also used to evaluate the model for potential errors. Molecular docking studies were 

done using Autodock 4,2,5.1. The structure of ligand molecules; 4-Nitrophenyl beta-D-

fucopyranoside. 4-Nitrophenyl beta-D-galaetopyranoside, 4-Nitrophenyl beta-D-

glucopyranoside, D-(+)-Cel lobiose, D-(+)-Cellotriose and D-(+)-Cellotetraose were retrieved 

from PubChem database. The energy minimized model of GI-Il and the ligands were prepared 

for docking studies using MGL tools 1.5.6. Grid maps were computed using Autogrid4 

having grid dimensions 66 x 72 x 62 A with grid spacing 0.375 A centered around the active 

site. Lamarckian genetic algorithm was used for docking with a population size of 150 and 

maximum no. of 250000 energy evaluations with maximum no. of 27000 generations. No. of 

GA runs were set to be 50. AIer successful completion of docking, results were sorted on the 

basis of their energy profiles and the conformation with the lowest energy was analyzed for 

hydrogen bonding interactions with the protein using PyMOL. 
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2.3. Results and Discussion 

2.3.1 Purification of nPRGHI 

The nPRGHl was purified to homogeneity by concanavalin A-agarose affinity 

chromatography. Most of the protein bound to concanavalin A-agarosc was eluted with 500 

mM of a-D-rnannopyranoside. The purified protein showed a single band on SDS-PAGE with 

apparent molecular mass of approximately 66 kDa (Figure 2.1). The overall yield using this 

purification protocol was -53%. The purity of PRGI-I1 was estimated to be —98 fold greater 

than that of crude seed extract. This result also suggests that it is a glycosylated protein as it is 

bound to the concanavalin A. By using this method we save the time and got high protein 

yield as compared to our previous method [183]. 

Li L2 L3 L4 L5 L6 

97kDa  

66kDa 4— MUOW. %ANOW  

43kDa 4- 

29kDa4— -- - low 

143kDa4— #' 

Figure 2.1. SDS-PAGE (12% w/v) analysis of native PRGFII purification. LI, Molecular 
mass standards L2, crude extract; L3, fiowthrough; L4, first step elution; L5 and L6, second 
step elution. 

2.3.2 Cloning of the PRGHI gene 

Degenerate primers were designed based on the conserved sequences of glycoside 

hydrolases family 1 proteins of Euphorbiaceae family to amplify a partial sequence of 

PRGFI 1 gene. Using DP 1 and DP 2 a 693 bp amplicon was obtained. Specific forward primer 

and reverse primers were designed (Table 1.1) based on the determined 693 bp fragment to 

amplify the full length gene. Approximately a 600 bp amplicon was acquired after 3 RACE-

PCR which include the 3 untranslated region along with poly-A tail. Using the forward 

degenerate primer (DP 3) and reverse GSP 3, a 681 bp fragment was obtained. Using 5' 

RACE-PCR a 310 bp amplicon containing the upstream signal sequence was obtained. 
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Finally, the complete ORF of 1617 bp was obtained by using GSP 6 and GSP 7 primcrs (Fig. - 

2.2 A). All the PCR products were cloned into pGEM-T vector and sequenced. Sequence 

analysis showed that the sequence of PRGHI contained an ORF of 1617 bp. The deduced 

protein sequence consists of 538 amino acids which contained an N-terminal signal sequence 

of 28 amino acids as predicted by the SignaliP server. The prghl gene without signal 

sequence was cloned in pET-28c(+) vector (Figure 2.2 B). The gene sequence was submitted 

to NCBJ database with accession no- KF006311. Nucicotide and deduced amino acid 

sequence of PRGHI is shown in figure 2.3. 

 

LI L2 L3 L4 L5 L6 L7 L8 

 

1500hp 

500bp 

lOObp 

3000bp 
 1500 

l000bp 

25Ohp 

Figure 2.2 (A) Amplification of pig/il gene. LI, 100 bp molecular weight marker; L2, L3 
and L4, different 3' RACE-PCR products; 1-5, 5' RACE-PCR product L6, PROFTI gene with 
signal sequence; L7, PROJ-TI gene without signal sequence. (B) Cloning of PROFIl in 
expression vector. LI, 100 bp molecular weight marker; L2, PCR amplification of the one of 
the positive clone; L3, Nhel and Eagi digestion of the same positive clone. 
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tgtcaccatggctcctcatcagatccagtttcttctgtttattQqcitatCtttQQtC 

N I T N A P H Q N Q F L L F I G V S L V 
ctcttaagttcctatgcaacagcaaacaattccttcaaCagaagtgCCtttcccgatgac 

L L S S Y A T A N N S F N R S A F F D D 
ttcatt tttggggcatccgcggcagcttaccagtacgaaggtgaagCaaaCaaaagtggC 

F I F GA S A A A Y Q Y E G E A N K S G 
agaygcCCaagCgtdtgggatatCttCaCtCaC9agtaCCCYagaaaLaaCagaCCgC 

R G P S V W D I F T H E Y P E K I T D P. 
agcaat:ggagatgaagcaattgatttctatcatCgataCaaggaagatattCaaaggatg 

S N G D E A I D F Y H R Y K E D I Q R N 
aagaatatgaatttggatgCttttagattCtCCatCtCgtggaCaagaataatacCtat 

K N N N L D A F P. F S I S W T R I I P N 
gqccagataagtgctggagtgaatCaagaaggaatCgaCt.tCtataatgatCtcattgat 

G Q I S A G V N Q E G I D F Y N D L I D 
gagctcatatcgaatggccttgagCCttttgtgaCtattttCdttgggtaYtCCaCaa 

E L I S N G L E P F V T I F I-i W D S P Q 
ggattagaagacaaatatactggttttttaagCCgtagCattgtgaaagattttCagaC 

G L E D K Y T G F L S R S I V K D F Q D 
tttgcagagctttgCtataaaaCttttggagaCCgagtgaagtattggaCttttaat 

F A E L C Y K T F G D R V K Y W T T F N 
gagccaagagcttatgcaaCtCgaggatat9aCtCgggaCttggtgCaCCaggCCgatgt 

E P P. A Y A T P. G Y D S G L G A P C P. C 
tcagaatgggtggatcgttcatgcgaagctggaaattcagcgactgaaQcatacatagtt 
S E WV DR S C E AG N S AT E P Y I V 
tctcatcatataattctcgctcatgcagcagctgtacaagtatacaggcaaaaatatcag 
S H H I I L A H A A A V Q V Y R Q K Y Q 
gcttctcaaaatqgtaagattggaataacacttaacgcttactggtacgtgccttactcc  

A S Q N G K I G I T L N A Y W Y V P Y S 
ca t Cggttgatgaag&agCtgCCCaagtagCttttgatttctttacgYgttggcat 

N N T V D E E A A Q V A F D F F T C W H 
ttqqatcctataacctatggtcactatccgaggaccatgcaggctttagtcgqagatcga  
L D P I T Y G H Y P H T N 0 P. L V C 0 P 
ctcccaaaattcaccgaagaagaatttatggttatcaaaggatcttatgacttccttgga 
L P K F T E E E F N V I K C S Y D F L G 

tgaattattatggtgCatattat9Catattttaatgattc9atacgctc 
L N Y Y C A Y Y A Y F N D H P D P N P L 
cataaaagatacaccaCagattCaCatgtCaat actactgggaagcgagatggaaaaCCt 

H K R Y T T D S H V N T T G K P. D C K P 
tgggtcCgCagggtaCCaCatCaatgtttaaCatttatCctgaQgggattcgatatctt 
N G P 0 G T T S N F N I Y P 5 G I P. Y L 
ttgaattacaccaaagatgcgtacagaaatccaacaatgtacattaccgaaaatggatac 
L N Y T K D A Y H N P T N Y I T S N G Y 
aatcaagatgataatggcaccgtaccgatgagcatactccttaatgatactcgtcggata 
N Q D D N G T V P N S I L L N D T R P. I 
atatactatgaaactcatcttgagaatgtcttaagatcgatcaaggagtacaatgtggat 
I Y Y S T H L E N V L P. S I K S Y N V 0 
gqaaaggttttattgCatggtCatttgag9ataattttgagtggttctCttact 
V K G F I A W S F E D N F E W S S G Y T 
caaagatttggtctctattacatagactacaaaaatcatttggaaagacatgctaaaaat 
Q R F G L Y Y I D Y K N H L E P. H A K N 
tcaacagagtggttcacaaattttctocagaaaaatcagtccagtactatctctgaagga 
S T S W F T N F L Q K N Q S S T I S E G 
tctggatcacgatggattcgtccctttggttattctattagatcagcagccgcttaa 
S G SR W I R P F G I S I R S A A Astop 

Figure 2.3. Nucleotide and deduced amino acid sequence of PRGHI including signal 
sequence which is underlined. PRGHI ORF consists of 1617 bp and the mature protein codes 
for 510 amino acids residues. 
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2.3.3. Overexpression and pitrijication of His6-rPRGHl 

The mature PRGHI without signal sequence was overproduced as an N-terminally 

His-tagged protein (rPRGIIl HI ) as shown in figure 2.4 A. rPRGHl H,, was purified to 

homogeneity by Ni2 -NTA affinity chromatography. The N-terminal T-lis-tag was removed 

using TEV protcasc and, reverse Ni2  -NTA was performed to get pure untagged rPRGI-T I. 

SDS-PAGE analysis showed that rPRGHI migrated with an apparent molecular mass of 

approximately 59 kDa which is similar to its calculated molecular mass (Figure 2.4 B). 

Different J3-glucosidascs have been hcterologously expressed in E. co/i, purified and 

characterized (201, 233, 251). 
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Figure 2.4 (A) Ot;erexpression o/rPRGITI. Li, molecular weight markcr, L2. supernatant 
of un-induced E. co/i BL21 (DE3) cell lysate; L3, supernatant of induced E. co/i BL21 (DE3) 
cell lysate L4, pellet of un-induced E. co/i BL21 (DE3) cell lysate; L5, pellet of induced E. 
co/i 131-21 (DE3) cell lysate. (B) SDS-PAGE (12% w/v) analysis of rPRGHl FI, affinity 
purification. LI, molecular weight marker; L2, purified rPRGH1J(S  (-59 kDa). 

2.3.4. CD 'neasnre,,zenls 

An attempt was made to explicate the difference in the secondary structure of 

nPRG1-11 and rPRGH1 by using far-UV CD. Quantitative study of the CD spectra indicates 

that the secondary structure of rPRGI-IJ slightly differ from the nPRGFIl (Figure 2.5). The 
CD spectrum of both nPRGFIl and rPRGII1 showed them as an a/13  protein. The 

deconvolution of CD data with Dichrowcb program indicates the percentage of random coil 

structures was more in case of rPRG1-I 1. The percentage of the secondary structure of 

nPRGI-I1 elements go well with our predicted values from sequence alignments and also 

support our model. The CD result also suggested that the rPRGHl maintained its integrity 
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during the purification process. This difference between the two forms of the protein might be 

due to post translational modification. Native PRGI-1 1 might be stabilized by the glycosylation 

process. The detail study was discussed in the next chapter. 

Wavelength (nm) 

Figure 2.5. Far-UV CD spectrum (200-240 nm) of purified native and recombinant PRGFII 
in 20 mM sodium phosphate buffer (p11 8.0). 

2.3.5. Concentration-dependent oligoinerization of the nPR GHI 

We analyzed the profile of two different concentrations of purified nPRGHl by 8% 

native-PAGE. The sample with 15 j.tM of protein showed a single band corrcspondcd to 

molecular mass of -66 kDa but the sample with 45 tM of protein showed several closely 

stacked bands with slow mobility (Figure 2.6). Two nPRGHl protein samples having 

concentration of 15 and 45 1.tM were subjected to gel filtration chromatography by using 

analytical HPLC. nPRGHl with 15 .tM concentration was cluted essentially as a single peak 

at 15. 084 min when applied to gel filtcration column (Figure 2.7 A). This peak corresponded 

to 66 kDa mass (according to molecular mass standards) which is similar to monomeric 

PRGII 1. In contrast, when nPRGH I with 45 .iM concentration was applied to the column, it 

was eluted as different peaks around 11.417 min corrcspondcd to masses around 660 kDa 

(Figure 2.7 B). This value corresponds similar to the decameric mass of nPRGFl I. DLS study 

also supports this data. At low concentration the hydrodynamic diameter of the enzyme was 

18.5 ± 1.75 which corresponds to the monomeric form but at higher concentration the 

hydrodynamic diameter changed to 67.93 ± 2.59 corresponds to a decarncric form (Table 2.3). 

These results suggest that at low concentration nPRGHl exists as a monomer and when the 

concentration increases the monomeric form changes to higher oligomcric forms. However, 

this concentration dependent oligomerization didn't affect the activities of enzymes. Several 
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proteins having this type of concentration dependent oligomcrization were reported earlier 

(14, 119, 162). 

A B 

66 kDa E—  

Figure 2.6 (A) NATIVE-PAGE (8% w/v) analysis of nPRGI-Il at 15 tM (B) NATIVE-PAGE 
(8% w/v) analysis of nPRGH1 at 45 riM. 
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Figure 2.7. Effect of concentration on oligorneric property of nPRGH1. Gel filtration 
chrornatogram showing the elution profiles (A) nPRGH 1 at 15 jiM concentration, and (B) 
nPRG1-11 at 45 jiM concentration. The column was calibrated with molecular weight 
standards as described in methods section. 

Table 2.3. Hydrodynamic diameters (dH) obtained from DLS studies. 

Concentration 

(MM) 

Size (hydrodynamic 

diameter) dH, (nrn) 

approximate molecular mass 

15 18.5±1.75 -66kDa 

45 67.93±2.59 -660kDa 
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2.3.6. Substrate specijicity and kinetic parwneters 

Generally glycosyl hydrolase family 1 enzymes show a wide range of enzyme activity, 

so we have used various substrates to characterize this enzyme. Previously nPRGHl has been 

characterized by using p-nitrophenyl 13-D-glucopyranoside (pNP-Glc) and p-nitrophenyl J-D-

galactopyranoside (pNP-Gal) [183]. The spccificities of recombinant PRGI-Il against different 

substrates are shown in table 2.4. The result showed that the enzyme was active against pNP 

substrates as well as natural substrates. This enzyme was best active against p-nitrophenyl 0-
1)-flicopyranoside (pNP-Fuc), with relative activity of 122% and also very active against p-

nitrophenyl 13-D-glucopyranoside (pNP-GIc) and p-nitrophenyl J3-D-galactopyranoside (pNP-

Gal) with relative activity of 100 and 83% respectively. The kinetic parameters of nPRGH 1 

and rPRGH I against chromogenic substrates are presented in table 2.5. The results showed 

that both nPRGHI and rPRGHI were maximally active against pNP-Fuc, with Kcat/Kn values 

of 3.21 x  10" and 2.49 x  10 respectively. Our study showed that PRGH1 is a broad specific 

-glucosidase enzyme. Like PRGH1 several plant 3-glucosidases show weak 0-galactosidase 

activity [59, 242]. 

'Fable 2.4. Relative hydrolytic activity of purified recombinant PRGH 1 enzyme with various 
substrates. 

Substrate Relative activity (%) 
Recombinant PRG1I1 expressed in E. coli 

p-nitrophenyl substrates 

p-nitrophenyl -D-glucopyranoside 100 

p-nitrophenyl f3-D-galactopyranoside 73 

p-nitrophenyl J3-D-fucopyranoside 122 

Glucooligosaccharides and natural /1-D-Glycosides 

Ccl lobiose 62 

Ccl lotriose 41 

Sal icin 23 

Lichenan 13 

Amygdalin 31 

Arbutin 28 

Laminarin 21 
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Table 2.5. Kinetic parameters ofnPRGH1 and rPRGH1 enzyme. 

M) Substrate K, (m Vna (tkat/mg) Kcat (s) KcatlKni (M's') 

Native PRGH1 

pNP-G1c 0.53 0.181 

pNP-Ga1 0.61 0.112 

pNP-Fuc 0.46 0.222 

Recombinant PRGHI expressed in E. co/i 

pNP-G1c 0.58 0.157 

j,NP-Gal 0.68 0.088 

pNP-Fuc 0.51 0,192 

12 2.27 x 10 [183] 

7.39 1.15 x  I04 [183] 

14.77 3.21 x  10 4 (In this study) 

10.39 1.79 x 104 (In this study) 

5.82 8.57 x 103  (In this study) 

12.71 2.49 x  10 (In this study) 

2.3.7. Competition analysis with ,nixed substrates 

To determine whether nPRGFI1 has one or more active sites for the hydrolysis of 

pNP-Glc. pNP-Gal, and pNP-Fuc., the competition kinetics with mixed substrates were 

studied. The theoretical maximum velocity (Vexp) with the mixture of both substrates was 

obtained from Lineweaver-Burk plot and the experimental maximum velocity for each 

reaction determined from the equation applicable for competing substrates. When two 

substrates are catalyzed in a single active site the experimental maximal velocity decided with 

the combination of both the substrates must coincide with the theoretical maximum velocity 

calculated from the equation relevant for competing substrates, and the total rate of the 

reaction must be less than the sum of the rate of the reactions measured with separated 

substrates [26]. The result shows that all the three substrates compete for the same active site 

in PRGIIl enzyme (Table 2.6). 

Table 2.6. Competition analysis with mixed substrate. 

Substrate mixture Vexp  
VmnA + V Vtheo 

ikaV'mg p.kamg tkatimg 

pNP-Fuc (A) +pNP-G1c (B) 0.198 0.403 0.202 

pNP-Fuc (A) +pNP-Ga1 (B) 0.180 0.334 0.175 

pNP-G1c(A)±pNP-Ga1(B) 0.156 0.293 0.149 
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2.3.8. Effect ofpH and temperature on enzyme activity 

Previously, the optimum p1-I for glucosidase and galactosidase activity was determined 

as 4.6 and 4.4 respectively. The optimum pH for the fucosidase activity for nPRGJTl was 

found to be 4.6 (Figure 2.8 A). rPRGH1 follows the same pattern as nPRGI-ll. Both the 

enzyme was quite stable over a broad p11 range of 4.0 to 8.0 with 70% retention of the 

original catalytic activity against pNP-Glc, but below p1-I 4.0 the activity declined quickly 

(Figure 2.8 B). The optimal temperature for all the three activities was found to be 65 °C and 

both the enzyme followed the same pattern. Thermostability experiments showed that both 

the enzyme was fairly stable over a broad temperature range of 25-70 °C, and the enzyme 

activity reduced above 70 °C (Figure 2.9). The result clearly demonstrated that recombinant 

enzyme is more sensitive towards the high temperature. Both nPRGI-Il and rPRGHl are 

thcrrnostable enzymes retaining more than 90% and 60% activity at 60 °C respectively. Thus 

both the enzyme could be used in bioethanol production and food processing industries. Post 

translational modification might play a role towards the thermostability behaviour of this 

enzyme, which is characterized in the next chapter. Thermozymes are utilized in various 

industries [20]. Thermostability study with fungal 0-glucanase [180] and human aquaporin 10 

protein [1 78] showed that glycosylation affects the thermostability of the proteins. Compare 

to this several cold active glycosidases are also reported [45]. 
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Figure 2.8. The effect of pH on the nPRGHl activity (A), nPRGI-I1 and rPRGFll stability 
(B). For stability assay, the purified enzymes were incubated at different pH at 37 °C for I h 
and residual activity was measured. Results are the average of triplicate and the bars indicate 
the standard error. 
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Figure 2.9. The effect of temperature on the stability of nPRGl-11 and rPRGHI. For stability 
assay, the purified enzymes were incubated at different temperatures at p1-I 4.6 for 30 min and 
residual activity was measured. Results are the average of triplicate and the bars indicate the 
standard error. 
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2.3.9. Characterization of mutant proteins 

Three PRGH1 mutants were constructed and verified as containing single codon 

mutations and ovcrcxpresscd and purified as described in materials and methods section. The 

activity of each mutant protein was measured by using pNP-Glc as substrate. Mutation of 

catalytic nucicophilc (E389) and catalytic acid/base (El 73) decreases the activity (Table 2.3). 

These two residues are known to play the most important role during hydrolysis. Mutation of 

E173 to Asn yielded enzyme with 21 fold reductions in their relative activity and a larger 

reduction was observed in case of mutants at E389. Mutation of another active site residue 

(NI 72) decreases the activity significantly (Table 2.3). This mutation studies confirmed that 

these residues are very important in the catalysis process. Several such studies were done to 

find out the active site residues of 3-glucosidascs [254. 241, 234]. Confirmation of these - 

active site residues also helped in the docking studies. 

Table 2.7. Mutations and their relative activity. 

Mutation Relative activity (%) 

Wild type 100 + 1.67 

E173N 4.7+1.35 

E389N 0.32 ± 0.04 

N172Q 21.65+2.58 

2.3.10. Homology search and ProtParamn analysis 

The mature amino acid sequence of PRGHI belonging to Glycosyl hydrolase family I 

(Figure 2.3) consists of 5 10 amino acids with a predicted molecular weight of 59 kDa and an 
isoclectric point of 5,45. BLAST sequence similarity results displayed significant homology 

with bcta-Glucosidases from various sources and also with myrosinases (Figure 2.10). 

PRGH 1 showed 43 to 55% identity with different plant 3-glucosidases, 46% with myrosinase 

from Sinapsis a/ba, 35% with humans, 39-41% with fungi and less than 38% with bacteria. 
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Figure 2.10. 1-lomology search done against Protein Data Bank using NCBI BLASTp. 

2.3.11. Multiple sequence alignment analysis 

The amino acid scqucncc alignment of PRGH I with homologous glucosidases 

revealed conservation of the catalytic acid/base residue 6Jul73 and nucicophile Glu389 as 

shown in Figure 2.11. The residues making the glyconc binding site in PRGH I i.e. Gln23. 

His127. Trpl28, Asn 172. Gln446 and Trp447 are also conserved. Some of the aglyconc 

binding residues like Asn314. Tyr3l6 and Trp439 are also conserved (Figure 2.11), while 

there are distinct changes at the other aglycone binding regions which help in determination 

of the specificity of these enzymes. Moreover, the recognition of (lie sulphate group of 

substrate by myrosinase is mediated by two basic residues i.e. ArgI94 and Arg259. highly 

conserved among the myrosinases and are absent from the 0-glycosidases. In addition. 

Trp 142 is thought to be involvcd in substrate recognition in myrosinase as it forms van dcr 

Waals contacts with the sulphur moleeulc of the glycosidic bond [23]. 1-lowever, PRGFll is an 

0-glycosidase possess one of the conserved Arg i.e. ArgIXO along with the Trp 128 which 

might help them in hydrolyzing S-glycosidcs. Earlier also 0s4Bglu12, an O-glucosidasc has 

been biochemically proved to show thioglucosidasc activity also on the basis of the homology 

of the covalent a-2-fluoroglucosidc (G2F) complex of Rice Os4BgluI2 to that of S-

glucosidase S. cuba myrosinase [204]. 
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CLUSTAL 2.1 multiple sequence alignment 

Rice AMADVVPKPNWLG -------------- GLSRAAFPKP.FVFGTVTSAYQVEGMAAsGGRGP 46 
Os3bg1uG --- SFTMAQQSGG -------------- GLTRGSFPEGFVFGTASAAYQYEGAVMRDGRGQ 43 
PRGH1 N1 - ----------------SFMRSAFPDDFIFGASAAAYQYGEANKSGRGP 35 
0s4bg1u12 ANADITSLYK(AGSAAAPFAYNSAGEPPVSRRSFPKGFIFGTASSSYQYEGGAAEccRGp 60 
1MYR -DEEITCQENNPFTCG -------- NTDGLNSSSFEADFTFGVASSAYQIEGTIG --- RGL 48 

Rice SIWDAFAHT-PGNVAG-NQNGDVATDQYHRYKEDVNLMKSLNFDAYRFSISWsRIFpDG- 103 
0s3bg1uC TIHDTEAHT- FGKITD-FSNADVAV2QYHRFSEDIQLMADMGMDAYRFSIAWSRIYPNG- 100 
PRGH1 SVWDIFTHEYPEKITD-RSHGDEAI3FYHRYKEDIQRMC1MNLDAFRFsIswTRIIpNGQ 94 
Os4bglu12 slwDrFTHQHpEKIAn-RsNGDvAs:syHLyKEDvRLMKI3MGML3AyRFsIswTRILpNas 119 
1MYR NIWDGFTHRYPDKSGPDHGNGDTTCLSFSYWQKDIDVLDELNATGYRFSIAHSRIIPRGK 108 

Rice - 5SRVNQEGVAYYNNLINYLLQKGITPYVNLYHYDLPLALEKKYGGWLNAYJ.JDLFTEYA 162 
0s3bg1u6 -VGQVNQAGIDHYNKLIDALLAKGIQPYVTLYHWDLPQALEDKYKGWLDRQIVDDFAP.YA 159 
PRGH1 ISAGVNQEGIDFYNDLID8LISNGLEPFVTIFHWDSPQGLEDKYTGFLSRSIvFQDFA 154 
084bg1u12 LRGGVNKEGIKYYNNLINELLSKGVQPFITLFHWDSPQALEDKYNGFLspNIINDFKDYA 179 
1MYR RSRGVNQKGIDYYHGLIDGLIRKGITPFVTLFIDLPQTLQDEYEGFLDPQIIDDFKDYA 168 

Rice DFCFKTFGNRVKHWFTFNEP YDQG PPKRCT----KCAAGGNSATEPYIVAH 218 
053bg1uE ETCFREFGDRVKHWITLNEPHI[VAJW.YDAGLJAPGRCSVLLHLYCKAGNSGTEPVWAH 219 
PRGH1 ELCYKTPGDRVKYWTTFNEPRAYATRGYDSGLGAPGRCSEWVDRSCEAGNSATEPyIvsH 214 
os4bglul2 E7CFKEFGDRVKNI-JITPNEP',,JIFCOGYATGIIAPGRCSPWEKGNCSIIGDSGREPYTACH 239 
IMYR DLCFEEFGDSVKYWLTINQL'-IIVPEGYGSAIIJAPGRCSPTVDPSCYAGNSSTEPYIVbdI 228 

Rice NFLLSHAAAVARYRTKYQAQQGKVGIVLDFNwyEALsNsT-EDQjQRRDFHIcwyL 277 
Qs3bgluE HFILAHAASIYRTKYKATQNGQLGIAFDVNWFEPMSNTT-IDIEMIAQEFQLGWFA 278 
PRGH1 HI ILAHAAAVQVYRQKYQASQNGKIGITLNAYWYVPYSNNT-VDEEAAQVAFDFFTGWHL 273 
0s4bg1u12 HQLLAHAETVRLYKAKYQALQKGKIGITLVSHWFVPFSRSK-SNNDAAK.RAIDFMFGWFM 298 
1MYR HQLLAHAKVVDLYRKNYTH -QGGKIGPTMI1WFLPYNDTDRHSIAATERX4KQFFLGWFM 287 

Rice DPLINGFLYPQIMQDLVKDRLPKFT2'EQARLVKGSADYIGI IIIIASYMKGQ- -QLMQQTP 335 
0s3bg1u6 DPFFFGDYPATNRARVGERLPRFTADEAVVKGALDF7GI TTYYTRHNNTNI IGTLL 338 
PRGH1 DPITYGHYPRTMQALVGDRLPKFTEEEFMvI KGSYDFLG ?.YThYFNDHPDPNPLH 333 
0s4bg1u12 DPLIRGDYPLSNRGLVGNRLPQFTKEQSKLVKGAFDFIC TANYADNLP--PSNGLN 356 
1MYR GPLTNGTYPQIMIDTVGARLPTFSPEETNLVKGSyDFLG FTQYAQPSP-HPVNATN 346 

Rice TSYSADWQVTYVFA-KNGKPIGPQA ------ NSNWLYIVPWGMYGCVNYIKQKYGN?Tvv 388 
Os3bglut NNTLADTGTVSLPF-KNGKPIGDRA ------ NSIWLYIVPRGIIRSLMNYVKERYNSppvY 391 
PRGH1 KP.YTTDSHVNTTCK-RDGKPMcJPQG ------ TTSMFNIYPEGIRYLLNYTKDAYRNPTMY 386 
os4bglu12 NSYTTDSRMILTGV-RNGIPIGPQA ------ ASPWLYVYPQGFRDLLLYVKENYGNPTVY 409 
1MYR HTAMMDAGAKLTYINASGHYIGPLFESDGGDGSSNIYYYPKGIYSVMDYFKYYNPLIY 406 

Rice ITENGMDQPAN- -LSRDQYLRDTTRVHFYRSYLTQLKKAID-EGvAGyF SLLDNFE 445 
0s3bg1u€ ITENGMDDSMNPFISIKDALKDSKRIKYHNDYLTNLSIKEDGCDVRGYF SLLDNWE 451 
PRGH1 ITEN3YNQDDNGTVPMSILLNDTRRIIYYE'rHLENVLRSIKEYNVDVKGFI SFDNFE 446 
0s4bg1u12 IrEHGvDEFNNKTLpLQEALKDDARIEyyHKHLLsLLsAIR-DGANvKGyp SLLDNFE 468 
1MYR VTENGISTPGS - -ENRKESMLDYTRIDYLCSHLCFLNKVIKEKDVNVKGY LGDNYE 464 

Rice WLSGYTSKFGIVYVDN-TLERHpKASAyWFRDMLKjj ----------------------- 481 
0s3bg1u6 HAAGYSSRFGLYFVDYKDNLKRYPRNsvQWFKALLKT -----------------------88 
PRGH1 WSSGYTQRFGLYYIDYKNHLERHAKNSTEWFTNFLQKNQSSTISEGSGSRWIRPFGYSIR 506 
os4bglul2 WSNGYTVRFGINFVDYNDGRKRYPKNSAHWFKKFLLV ----------------------- 505 
1MYR PNGFTVRFGLSYINNNVTDRDLKKSGQWYQK:P ----------------------- 

Rice 
Os3bgluc 
PRGHI SA1.A 
054bg1u12 
1MYR -- -- 

Figure 2.11. Multiple sequence alignment of PRGH I with other glycosyl hydrolases shows 
the conserved catalytic acid/base, nucleophilic and glyconc residues highlighted in yellow 
colour. Aglyconc residues are highlighted in green and the conserved S. a/ha myrosinase 
residues responsible for sulphate recognition are shown in red colour. 
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2.3.12. Plzylogenetic tree 

The dataset used for phylogenctic tree include 33 protein sequences from plant, 

bacterial, fungal, human glucosidases and also the rnyrosinascs from plant and insect. PRGI-Il 

glycosyl hydrolase shows maximum homology to plant glycosyl hydrolases and myrosinases 

and phylogenctic tree further supports the BLAST search. The glycosyl hydrolases from 

plants, fungi, bacteria make different clusters and are grouped into 4 major groups. Group 1 

consists of PRGI-11 along with other plant glycosyl hydrolases including both 0- and S-

glycosyl hydrolases. This phylogenctic tree further confirms that myrosinasc (S-glycosidasc) 

and defence related cyanogenic -glucosidase (0-glycosidase) are derived from a common 

ancestor as reported in literature [23]. Interestingly PRGH1 showing maximum homology to 

0s4Bglu12 (55%) is present very close to S. a/ba myrosinasc (46%) clustered within Group 1 

in the phylogenctic tree. Thus PRGI-11 sharing a common ancestor with myrosinasc might 

also have specialized in plant defence mechanisms. Group 2 consists of lungal, insect as well 

as human [3-glucosidascs, while bacterial and archaeal 3-g1ucosidases constitute Group 3 and 

Group 4 (Figure 2.12). 

2.3.13. Secondary structure analysis 

Secondary structure analysis was done using ESPript which showed that the overall 

structures are conserved with the presence of 1 disulphide linkage. It reveals that PRGI-Il is 

an ct/13  protein as shown in Figure 2.13. 
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Figure 2.12. Phylogcnetic tree of PRGI-Il and other related sequences was constructed by the 
maximum likelihood method using MEGA6. 
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Figure 2.13. Secondary structure analysis by ESPript. a-helices arc represented as squiggles 
while -shect are represented as arrows. TT represents n-turn, disulphidc bond as green line. 
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2.3.14. Struct:ra1 (tflli!)'SiS 

In order to investigate the structural diffirences that bring about changes in substrate 

specificity, homology modeling of PRGHI was done using Modeller 9v10. The model with 

the lowest dope score was subjected to energy minimization where PROCHECK. Verify-31D 

and WHATC'HECK were used for the validation of the model. Procheck analysis of PRGI-11 

model showed 99% residues in the favourable regions. The overall structure of PRGH 1 is 

(/a) barrel similar to other glycosyl hydrolases [204]. The catalytic acid/base residue 

Glu 173 and nucleophilic residue Glu389 are placed at the bottom of a cleft at the carboxy end 
01'4h and 7111  n-strands. The active site pocket ofPRGHl is shaped by 4 extended loop regions 

which join the u-helices and the f-strands of the (Wu)  fold: loop A (Sen 8-Asp70 flanked by 

l. al), 1001)  B (Glul73-Thr207 surrounded by P4, a4), loop C (Tyr315- Pro366 flanked by 

6, u6) and loop D (Asn390-Asp408 amongst 07, 0) as shown in Figure 2.14. Loop B 

contains the conserved disulphide bridge Cys 192- Cys200 and also contributes to the 

aglycone binding pocket. Loop C also forms the part of the aglycone binding site and 

surrounds the active site. Loop C contains 2 extra residues in PRGH I as compared to the Rice 

Os4Bglu12 and os3ZBglu7 [35. 204]. 

Cys I 92-Cy200 

)op A 

. pocket 

Figure 2.14. The ribbon demonstration of the PRGH I structure. The catalytic acid/base 
Glu 173 and the nucteophilic GIu389 present on the opposite sides of the catalytic pocket are 
shown as blue sticks. Four loops regions are also highlighted along with the disulphide bridge - 

(Cysl92-Cys200) present in loop B. 
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This extra residue insertion in loop C is however similar to the Zea mars ZmGlu I and 

Soig/iiimi hicolor SbDhrl and S. a/ha myrosinasc [23. 239]. The two amino acids longer C 

loop contributes to its narrow and restricted catalytic pocket of PRGH I as compared to the 

more open and extended active sites in RiccOs4Bglu 12 and 0sBglu7. 

The retention of the enzyme activity up to 70 °C owing to the thcrmostable nature of 

the enzyme is also contributed by the presence of numerous salt links and hydrogen linkages 

in addition to the single disulphide bridge. The disulphide bridge between Cysl92-Cys200 is 

preserved in the plants secretory pathway and plastids glycosyl hydrolase enzymes known till 

now. Out of total 28 arginine residues. 22 directly form salt linkages with the oppositely 

charged amino acids. 16 of 2 I lysine residue and 10 from 14 histidine residue participate in 

• salt bridge interactions. Of 34 aspartate residues, only I does not participate in salt bridge 

interaction. 23 of 30 glutamate residues also form salt bridges. This is in contrast to the Rice 

Os4Bg1ul2 and Os3Bglu7. In Rice Os4Bglul2. 18 of 25 arginine residues. 15 of 30 lysinc. 3 

of 10 histidine. 15 of 27 aspartate and 15 of 20 glutamate participate in salt bridge interaction 

with 2 disulphide bonds rendering it stability at 20-50 °(' for 60 minutes [204] while 

Os3Bg1u7 loses its activity atier 40 °C owing to lesser ionic interactions with only I 

disulphide bond [35]. In Os3Bglu7. only 8 out of 21 arginine residue. S out of 25 lysinc 

residues, 3 out of 11 histidines. 14 from total of 24 aspartate residues and 4 out of 12 

glutamate residues form salt interactions. These factors contribute to the stability of PRGI-1 I 

with its maximal activity at 65°C for 20 minutes and further activity is retained up to 70°C. 

2.3.15. Active Site ana!rsis 

The active site of PRGH I is deep and narrow situated at the bottom of a dell hounded 

by carboxy terminal ends of P strands. The catalytic acid/base Glul 73 and nucleophile residue 

GIu389 are placed on the opposed sides of tile catalytic pocket approximately 5 A apart. 

Exceptionally, the active site of PRGH I has a restriction in the cleft as seen in the surface 

view of the protcin-ligand complex (Figure 2.15 A). This is due to the longer side chains of 

Met36 I and Arg I 80 being present close together at the entrance of the active site. On 

superimposition of PRGH I on 3PTQ and also through MSA results, it is clear that Trp365 (in 

3PTQ) has been replaced by Met361 and AsnI86 by Argl80 [204]. Trp365 is conserved 

residue in all 0- Glycosyl hydrolases and play important role in glyconc and aglyconc moiety 

binding. In fact. this Trp is so important that it can he used for the structural cIassiIcation of 

glycosyl hydrolascs depending upon its orientation at the active site [ID]. however, PRGH I 

lacking this conserved Ti-p is similar to S-glycosidascs i.e. Myrosinascs as they also lack this 
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Trp [23]. This modification in the shape of active site might play a crucial role in substrate 

selectivity. Although PRGH I has a wider active site but due to this cictl there is a hindrance 

at the entry of the catalytic site which restricts entry of bulky oligosaccharidcs or 

oligosaccharides with a large aglyconc moiety. 

Figure 2.15. (A) Surtiice view of PRGI-ll showing the active site pocket with its ligand 4-
nitrophenyl bcta-D-glucopyranoside (pNP-Glc) (B) and its comparison to 0s4bg1u 12 from 
Rice (3PTQ) with its ligand 2, 4-Dinitrophenyl 2-dcoxy-2-fluoro-J3-D-glucopyranoside 
(NPG). 

2.3.16. Dockin' S/tidies 

There is no crystal structure of PRGH I alone or in complex with substrates reported 

till date. Therefore, to know the structural details of ligand protein binding, 4-nitrophenyl 

beta-D-fucopyranosidc (pN P-Ftic). 4-nitrophenyl beta-D-(Il ucopyranoside pNP-Glc), 4-

nitrophenyl bcta-D-galactopyranoside (pNP-Gal). 4- D-(+)-Cellobiose, D-(+).-Cellotriosc and 

D-(+)-Cellotetraose were docked on to the active site of enzyme. Standard relaxed chair 

conformations of these ligands retrieved from PubChem were used for docking. It was found 

that non-reducing glycosyl end of these ligands docked at the same position as the glucosyl 

residue at subsite - I in 2RGM which further confirms the accuracy of docking studies as 

shown in Figure 2.16. 
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Figure 2.16. Docking studies have been validated via structural superimposition of PRGl-lt-
Glucose complex (green). with Rice BGlul G217 (2-dcoxy-2-fluoro-(Ilucose) complex 

(2RGM; pink). 

On docking pNP-Fuc to the active site of the enzyme. the fucose moiety occupied the 

subsitc-1 surrounded by 6 residues namely G1123. l-1is127. Tyr316. G11389. G111446 and 

Trp447. The pNP-Fuc was found in strained conformation hydrogen bonded to catalytic 

acid/base Glut 73. The distance of O 1 of Glu 173 to 01 and 02 of fucose was 2.67 A and 

2.94 A and which can be reasonably a good distance for protonation by the catalytic acid. 0r2 

of GluI73 hydrogen bonds with 01 and 02 at 3.38 A and 3.43 A respectively. Like 

myrosinases. 02 group is recognized by Asnl72 ND2 (3.27 A). 03 of fucose was hydrogen 

bonded to GIn23 Orl (2.8 A. l-1is127 Nr2 (3.04 A) and Trp447 Nd (3.2 A). Further. 04 
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group linked with the Gln23 Nr2 (3.04 A) via hydrogen bond, Glu446 Or! (3.34 A) and 

Trp447 Nrl (3.07 A). ThcTrp439 Nrl binds to the 06 group (3.09 A). Trp447 indole ring 

also forms a hydrophobic stacking interaction with the sugar as seen in other glycosyl 

hydrolases as well. The carbonyl carbon C6 of the fucose lies at a hydrogen bonding distance 

from the Glu446 0r2 (2.79 A), suggesting it would hydrogen bond to the 06 if it would have 

been there in fucosc. The docking score for this conformation was -6.42 kcal/ mol. Many of 

these interactions are conserved with other glycosyl hydrolases. 

With the same docking parameters, pNP-Glc and pNP-Gal were also docked onto 

PRGH I active site. The docking scores were -6.06 kcal/ mol and -5.86 kcal/ mol respectively 

for pNP-Glc and pNP-Gal. In contrast to pNP-Fuc, pNP-Glc occupied the active site of 

PRGI-1 I in a relaxed chair configuration. This transition from a strained to a bit relaxed 

conformation at subsite - I might he responsible for less activity towards the glucose moiety. 

lnpNP-Glc, On I and Nn2 of Gln23 hydrogen bonds to the 03(2.77 A) and 04 group (2.88 

A). The Glu446 Or! and 0n2 hydrogen bonds to the 04(3.32 A) and 06 group (2.81 A) of 

glucose moiety. In addition, Nnl of Trp439 hydrogen bonds to 04 (2.93 A) and that of 

Trp447 interacts with 03 (2.82 A). The Trp447 Nrl does not interact with the 04 group as in 

case of pNP-Fuc. The 03 group points towards the Nr2 of Hisl27 at a distance of 3.71 A, 

incapable of forming a hydrogen bond. In the complex, Glu 173 Or I hydrogen bonds to I-OH 

group at 2.91 A and Glu389 Orl and 0n2 hydrogen bonds to 01 group (2.57 A and 2.90 A) 

placing the glucose moiety ready for protonation and nucleophilic attack. GIu!73 0r2 linked 

by hydrogen bonds to 02 at a distance of 3.21 A. 

On docking pNP-Gal, pNP-Gal occupies the same space and conformation as ofpNP- 

GIc. The 02 group interacts with the Asn172 ND2 (3.3 A). The 03 group is in hydrogen - 

bonding with Gln23 On (2.8 A). HisI27 Nn2 (2.99 A) and Trp447 NEl (3.31 A). The 04 

group interacts with Trp447 Nnl (2.98 A) and Gln23 Nc2 (2.89 A). The Glu446 Orl and 0r2 

hydrogen bonds to the 04 (3.47 A) and 06 group (2.28 A) of galactose moiety. Unlike the 04 

inpNP-GIc. 06 group binds to the Trp439 Nd (2.77 A. The Glul73 Or! interacts with 01 

and 02 at 2.8 A and 2.96 A and 0r2 with 02 at 3.47 A respective!y. 

The relative activity of the enzyme towards these three substrates is determined by the 

interactions between Glu446 and 401-1 and 60H. This g!utamatc forms a bidentate hydrogen 

bonding network with the 4-OH and 6-OH group at subsite - I. This glutamate side chain can 

adopt its position to an axial 04 retaining the ability to recognize galacto-configured 

substrates due to its conformational freedom. The change of 0H4 from equatorial to axial 
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position decreases the interaction with Glu446 while the hydrogen bonding interaction with 

Gln23 is almost unafficted. This explains the fact that PRGH I prefers pNP-Glc substrate than 

the pNP-Gal. However it may be interesting to note that pNP-Fuc although galacto-

configured but is still preferred on pNP-Glc by the enzyme. It may be thought that the 

interaction with Glu446 and 6-01-1 destabilizes the enzyme-substrate complex which might be 

the basis for high activity on fucosides which lack the 6014 group. The binding energies of 

the pNp-Fuc, pNp-Glc and pNp-Gal further proves that PRGI-1 I has higher activity on fucose 

as compared to the glucose and galactose moiety as shown in figure 2. I 7. This has also been 

reported earlier in Rice Os3Bglu6 [210]. 

Three activities of PRGH I and its preference 

MIN 
Gln23 27 Asr172 Asn '\G23 ,is127 

Glr'23 Asn172 

i7) GIA46 . 3 

Umo! k 01 ;V 

Figure 2.17. The docking of the pNP-Glucose, pNp-Fucose and pNp-Galactose with PRGHI 
along with their binding energies and interaction studies. 

Cellobiose, Cellotriose and Cellotetraose were also docked to know the basis of 

decreased activity of the enzyme with increase in chain length and also to know the locations 

of 3-1, 4- connected glucosyl residues at subsites +1. +2 and +3 (Figure 2.18). Cellobiose 

docked with docking energy of -5.63 kcal/ mol while cellotriosc with a docking score of -2. 12 

kcal/mol. The highest total docking score of cellotetraose (+5.19 kcal/mol) further indicates 

its poor binding with the enzyme. Interactions with the non-reducing glycosyl residue remains 

almost conserved and few new hydrogen bonding interactions are observed at subsites + I. 4-2 

and +3. The active site of the enzyme is not very efficient to accommodate the long 

oligosaccharides like Cellotetraose as shown in figure 2.18. 
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Decrease In efficiency with increase in length of oligosaccharldes 

Figure 2.18. Cellobiose. Cellotriose and Ccllotetraose were docked onto the PRGI-I1 to know 
their Ittin into the active site. 
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2.4. Conclusion 

The Putran/iva rovburghii J3-glucosidase gene was cloned and submitted to NC'Bl 

with the accession no. KF0063 Ii. The f-glucosidasc (PRGH I) enzyme was expressed in 

prokaryotic system and purified to homogeneity by employing Ni-NTA affinity 

chromatography. Oligomerization study showed that at higher concentration this enzyme 

forms a mixture of different oligomers with molecular weight around —660 kDa, which 

corresponds to the decameric mass of the enzyme. This enzyme shows activity towards aryl 

as well as gliicooligosaccharides and natural 13-D-Glvcosidcs. Mixed substrate kinetics proves 

that all the three chromogenic substrate are catalyzed in a single active site. Mutational 

studies were done to find out the catalytic acid/base and catalytic nucleophile. Expression of 

GH I in seed environment is favored by the massive glycosylation. reduced exposed surface 

owing to oligomerization, a disulphide bond, salt bridges and main chain stabilization by 

hydrogen bonds between main chain and acidic/basic residues. These factors make it 

extremely stable suitable for the dehydrated environment of the seed. The presence of various 

salt bridges and a conserved disulphidc bond makes it an extremely thermostable enzyme. 

Multiple sequence alignment shows the conservation of glycone binding residues in PRGH I 

i.e. Gln23, Hisl27. Trpl28. Asnl72. Glu 173, Glu389, Gln446 and Trp447. Some of the 

aglycone binding residues like Asn3 14. Tyr3 16 and Trp439 are also conserved. ESPript and 

modelling studies shows that it is an u/13 protein with an (/a) barrel structural Fold similar to 

other glycosyl hydrolases. Glycosyl hydrolases act via retaining double-displacement reaction 

mechanism including two carboxylate residues where Glu 173 acts like a catalytic acid and 

Glu389 acts as a nucleophile. GIn 1 73 acts as a protonating agent For the aglycone leaving 

- 
group in the glycosylation step and and as a deprotonating agent of waler in deglycosylation 

step while Glu389 attacks on the anomeric carbon for displacing the aglycone moiety and 

forming a covalent intermediate. Interestingly. GIu446 acts as an important catalytic residue 

involved in hydrogen bonding in all the complexes. The Glu446 is conserved among all 

glycosyl hydrolases and this further suggests that it might play an essential role in hydrolysis 

mechanism. The active site of PRGH I is unique in having a restriction in the active site due to 

the longer side chain-, of Met361 and Argl 80 being present close together at the mouth of the 

active site which might be responsible For the distinct substrate specificity of PRGH I and also 

its decreased affinity towards longer oligosaccharides. Biochemical data revealed that PRGH I 

shows preference for pNP-Fuc followed by pNP-Glc and then by pNP-Gal. This has been 

proved through bioinformatics analysis also. These three substrates recognized by the 

enzymes differ in their 01-I positioning and it can he proposed that the enzyme tolerates 
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equatorial position of the 4-01-I group more than the axial position giving pNP-Glc preference 

over the pNP-Gal. However, in case pNP-Fuc, since it lacks the 6-OH group and thus the 

hydrogen bonding interaction with Glu446 O2. PRGI-1 I lacks the conserved Trp365 (3PTQ) 

present in all the 0-glycosyl hydrolases. S-glycosidases also lack this conserved Trp. The 

closeness of PRGH I to S. cilhci myrosinase in phylogenctic cluster along with conservation of 

some myrosinase aglycone residues like Arg180, Trpl28 suggests that PRGHI might also 

show mechanisitic similarity to myrosinase and can hydrolyze thioglucosides. PRGHI might 

be evolving evolutionary from an 0-glycosidase towards an S-glycosidase for the plant 

defence mechanism against the toxic products absorbed by the plants and also generated 

during mastication. 
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3. ROLE OF N-LINKED GLYCOSYLATION ON THE STABILITY AND ACTIVITY 
OF PRGIII ENZYME 

3.1. Introduction 

Nascent proteins undergo various post translational modifications like proteolysis, 

acetylation, lipidation, formylation, methylation, ubiquitination, phosphorylation and 

glycosylation before transforming into a mature protein. Post translational modification 

(PTM) involves the attachment of various functional groups like phosphate, acetate or 

biornoleculcs like carbohydrates, lipids to increase the protein diversity and its function. 

Glycosylation is one of the main PTM which involves the addition of sugar moiety to 

proteins. Carbohydrates act as the glycosyl donor while the acceptors are proteins whose 

hydroxyl or other functional groups accept the carbohydrate units ranging from 

monosaccharides to complex polysaccharidcs. Glycosylation occurs in the Endoplasmic 

reticulum (ER) or Golgi (trans-, medial-, or cis-) cisternae lumen. Glycosylation is a highly 

ordered reaction occurring in almost each organism from archaca, eubacteria and cukaryotes. 

The carbohydrate-peptide bond is divided into various groups depending on the 

oligosaccharide attachment and the nature of bond. They are N-linked glycosylation, 0-linked 

glycosylation, glypiation, C- linked glycosylation. phosphoglycosylation. N-linked i.e. 

Asparagine linked or the 0-linked (Serine/Threonine hydroxyl group) are the most common 

modes of glycosylation commonly seen in secretory and surface proteins. Both the N- and the 

0-linked glycosylation are considerably different from each other like the 0-linked glycans 

are short and are added one by one in contrast to the N-linked glycans which involves the 

addition of a 14 residue preformed glycan. 

The carbohydrate units added act as signals for the transport of proteins from ER to 

the targeted organelle. In addition, glycosylation has lot of impact on antibodies, help in 

recognition of proteins, cell-cell adhesion. Antibody glycosylation is a common post 

translational modification which plays a crucial role in its effector function [187, 270]. It was 

found that deglycosylated antibodies in comparison to the glycosylated forms have altered 

intrinsic properties like the molecular hydrodynamic radii increased after deglycosylation. 

Moreover, the dcglycosylated protein is more prone to protcolytie cleavage and has less 

thermal stability than its glycosylated form. Deglycosylated antibodies also had higher 

aggregation rates. Therefore, glycol -on gineering to produce antibodies with specific 

glycoforms is a trendy field nowadays to increase the therapeutic value of the antibody as 

aglycosyl antibodies are only studied when effectors function is not desired. 
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N-linked glycosylation in plants play important roles for proteins right from their 

conformation, folding, stability from protcascs, location to their biological function. In fact 

glycosylation is such an important aspect of protein maturation that many studies are 

undergoing to know the effect of alterations of glycosylation mechanism on plants with the 

help of N-linked glycosylation and its processing inhibitors, mutation of Asn residue whose 

amino group participate in N-glycosylation. 

N-linked glycosylation help in attaining the biological activity of the protein like in 

case of jack bean lectin. It is produced as an inactive glycosylated pro-Con A protein [33] 

which can be converted into its active functional form having lectin activity called as the Con 

A protein. This activation process involves the hydrolysis of the glycopeptide bond of pro-

Con A and can be done with the help of deglycosylation enzymes called as Endoil [190]. In 

fact, N-glycosylation is also needed for the transportation of Con A to the storage vacuole as 

well as for its regulation of lectin activity. They favour the functional stability of the enzyme 

as seen in case of stem bromelain from Ananas comosus, where deglycosylated bromelain 

show decreased enzyme activity and less stability in the organic solvents as compared to the 

glycosylated forms [115]. The oligosaccharide side-chains in the N-linked glycans are also 

involved in the secretion of glycoproteins into the extracellular part as seen in the case of cell 

wall f3-fructosidase in carrot [64, 65]. Due to ti-ic remarkable N-linked glycosylation capacity 

of plants, they can be considered as an alternative host for the production of recombinant 

therapeutic proteins as sect-i in case of N-linked glycosylation in phytohaernagglutinin i.e. 

PHA from common bean called Phaseolus vulgar/s. N-glycans of PHA are found to mature in 

a natural manner in transgenic and other different expression system of plants as is clear from 

the glycans retrieved from bean and other recombinant sources [191]. Plants can also be used 

as other organisms for therapeutic glycoproteins production by knocking out the N-glycan 

processing genes specific to plant or by inserting the machinery required for ti-ic addition, 

synthesis of human sugars and their transport [81]. 

Our earlier study targeted on the detection and partial characterization of a heat 

resistance family I glycoside hydrolase enzyme (PRGH I) having both 3- galactosidase and 13-
glucosidase activities [183]. This native form of this enzyme was sourced from the seeds of 

Purranjiva roxburghii plant. It is a medicinal plant belonging to Euphorbiaceae family. The 

main purpose of this study is to make a comparison between the native (glycosylated) and 

deglycosylated forrn of this enzyme and to elucidate the el'fect of glveosvlation on the 

stmbiIity or the Ci)/VI1C. 
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3.2. Materials and Methods 

3.2.1. Purification of enzyme 

For the purification of native glycosylated PRGH1, affinity chromatography using 

concanavalin A-agarose resin was employed. The detailed procedure was described in the 

previous chapter. 

3.2.2. Removal of N-linked glycosylation 

N-linked glycans were removed by using PNGase F enzyme (NEB). The 

deglycosylation of native enzyme was carried out according to the manufacturer's instruction 

with slight modifications. 20 tl of PNGasc F enzyme (500,000 units/mI) was incubated with 

r 
10 rng of PRGHI at 37 °C for 36 hrs. Fresh PNGase F enzyme (500 units/mI) was added in 

every 12 hrs. Native PRGH1 without PNGase F served as control. At the end of the 

incubation, the reaction mixtures were analysed on 12% SDS-PAGE. After deglycosylation 

reaction the protein sample was applied to gel filtration chromatography to obtain purified 

deglycosylated PRGFII. The fractions containing deglycosylated protein was collected and 

concentrated. 

3.2.3. Carbohydrate estimation 

To determine the carbohydrate content of both the glycosylated and deglycosylated 

protein preparation, the phenol-sulphuric acid method as described by Dubois and co-workers 

was followed [54]. 

3.2.4. Enzyme activity assays and kinetics parameters 

The enzyme activity of deglycosylated PRGH I enzyme on the aryl glycosides such as 

pnitrophcny1-J3-D-glucopyranosidC pNP-Glc), pnitropheny1--D-ga1actopyrafloside (pNP-

Gal) and pnitrophenyl-f3-D-fucopyraflOSidC (pNP-Fuc) were assayed at same condition as 

described previously [183]. The kinetics parameters were determined from Lineweaver-Burk 

plot by using these substrates. The activity of deglycosylated PRG Fl! enzyme was compared 

with the glycosylated form of the enzyme. 

3.2.5. Effect of temperature and pH 

The temperature optima of deglycosylated PRGI-ll was determined by the activity on 

pNP-G1c as substrate. The enzymatic activity was assayed by incubating the reaction mixtures 

at different temperature ranging from 10 °C to 90 °C with 5 °C increments. The 
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thermostability of glycosylated and deglycosylated PRGI-I1 was studied by incubating the 

reaction mixture for 30 mm, with temperatures ranging from 10 C to 90 C. The standard 

assay procedure was followed by using pNP-Glc as substrate. All the above experiments 

presented were performed in triplicate. 

For optimal pH determination, deglycosylated PRGH 1 was assayed in 10 mM Britton-

Robinson buffer, with pT-I values ranging from 3,0 to 11.0 at 37 °C using pNP-Glc as 

substrate. The pH stability was determined by calculating the residual enzyme activity after 

incubation at 37 °C for I h in suitable buffer. 

3.2.6. Effect of alcohols 

The effects of alcohols (methanol, ethanol and 1-propanol) on the enzymatic activity 

of both glycosylated and deglycosylated PRGI-I1 were studied. The enzymes were co-

incubated with different concentrations (0-30%) of alcohol for 30 min and residual activity 

was measured by using pNP-Glc as substrate. 

3.2. 7. Proteolysis studies 

Glycosylated and dcglycosylatcd PRGH 1 were used for protcolysis studies. Both the 

forms of this enzyme were incubated with two different protcases separately with molar ratio 

of 50:1 for I hr at 37 °C. Trypsin and papain were incubated with different forms of PRGHL 

in 50 mM Tris-I-ICl; pFT 8.0, 10 mM CaCl2. SDS-PAGE analysis was performed to examine 

the extent of protcolysis in different forms of PRGH I. 

3.2.8. Circular dichroism spectroscopy 

Circular dichroism studies of both glycosylated and deglycosylated PRGH I were 

carried out on a Chirascan CD Spectrometer (Applied Photophysics Ltd., Surrey KT22 7PB, 

UK). Far-UV CD spectra (190-260 nrn) were recorded using 1 mm path length quartz cell at 
25 °C with band width of I nm and time per point was 0.5 s. The secondary structure content 

of both the form of enzyme was evaluated in 20 mM potassium phosphate buffer at pH 7.4. 

The CD spectra were interpreted using online DICHROWEB programme. The CD results 

were expressed in terms of mean residue ellipticity. 

3.2.9. Fluorescence measurements 

For the intrinsic fluorescence experiments, a spcctrofluorometcr (1-loriba Jobin Yvon, 

Model FL3-21) controlled by peltier thermal accessories (Model LFI-3751) was used. For 
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this experiment, both the glycosylated and deglycosylated protein samples (5 riM) were 

excited using an excitation wavelength of 295 nm and emission spectra were measured in the 

range of 300-450 nm using 5 nm slit widths for both excitation and emission. The protein 

samples were prepared in buffer containing 20 mM Tris-HCI; pH 8.0 and background signal 

obtained with buffer was subtracted for data evaluation. 

3.2.10 Recombinant PRGH] production in Saccharomyces cerevisiae 

For the production of glycosylated recombinant PRGH I enzyme, the prghI gene was 

cloned and ovcrcxprcssed in Saccharonyces cerevisiae. The detail procedure is described in 

next chapter. 

3.2.11. Generation of site-specific glycosylation in utant constructs 

Site directed mutagenesis was performed using the QuickChangc Site-Directed 

Mutagenesis Kit (Stratagene) by following the instructions of manufacturer. The yXYNSEC-

PRGFII plasmid (described in the next chapter) was used for mutations. Mutations and 

respective synthetic mutagenic oligonucleotide primers are listed in table 3.1. 

Table 3.1. Mutations and their respective primers and the bold alphabets denote the mutated 
codon. 

Mutation 
L 

Forward Primer (5'-3') Reverse primer (5'-3') 

N 5Q AACAATTCCTTCCAGAGAAGTGCCTT GTCATCGGGAAAGGCACTTCTCTGGAAG 
TCCCGATGAC GAATTGTT 

N29Q CGAAGGTGAAGCACAGAAAAGTGGC CTGCCACTTTTCTG1'GCTTCACCTTCGIA 
AGACJGCCCAAGC CTGGTAAGC 

N253Q GCCTTACTCCCAGAATACGGTTGATG CTTCATCAACCGTATTC'IGGGAGTAAGG 
AAGAAGCTGCCC CACGTACCAG 

N374Q cGATATCTTTTGCAGTACAcCAAAGA GTACGCATCTTTGGTGTACTGCAAAAGA 
TGCGTACAGAAATCCAAC TATCGAATCCCCTC 

N397Q CAAGAIGATCAGGGCACCGTACCGAI GCTCATCGGTACGGTGCCCTGATCATCTT 
GAGCAI'ACTCC GATIGTATCC 

N407Q GAGCATACTCCTTCAGGATACTCGTC GTATATTATCCGACGAGTATCCTGAAGG 
GGATAATATACTATGAAAC AGTATGCTCATCGGTAC 

N472Q GACATGCTAAACAGTCAACAGAGTG GTGAACCACTCTGTTGACTGITTAGCATG 
GTTCACAAATTTTCTGC TCTTTCCAAATG 

PCR was carried out with Phusion polymerase, a pair of primers designed for a particular 

mutation, and yXYNSEC-PRGH1 plasmid as template. The PCR product was subjected to 

Dpnl restriction enzyme digestion to digest the methylated template. Digested product was 

used to transform XLI-Blue competent cells. The successful introduction of the desired 

mutation was verified by DNA sequencing of mutate constructs. Recombinant PRGH 1 mutant 
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proteins were expressed, purified and assayed as described above for the wild type 

recombinant PRGH 1. 

3.2.12. Bioinformatics analysis 

Since there is no crystal structure available for PRGH1 enzyme in PDB, homology 

modeling was done to find the tertiary structure of PRGHI using Rice (PDB Id: 3PTK) 

0s4bg1u12 as a template as described in Chaptcr-2. Molecular docking of the oligosaccharidc 

was done using Autodock 4.2.5.1. The structure of the ligand molecule Man3G1cNAc2 i.e. 

(D-Manpa 1-3 [D-Manpa 1-6]D-ManpI3 1-4DGlcpNAc l-4DGlcpNAc 1-OH) was made using 

G lycam Carbohydrate builder (http ://glycarn.or(,/tools/mo Iccu lar-dynamics/ol igosaccharide-

builder/build-glycan?id=l). The energy minimized model of GI-Il and the ligands were 

prepared for docking studies using MGL tools 1.5.6. Grid maps were computed using 

Autogrid4 having grid dimensions 66 x 72 x 62 A with grid spacing 0.375 A centered around 

the active site. Lamarckian genetic algorithm was used for docking with a population size of 

150 and maximum no. of 250000 energy evaluations with maximum no. of 27000 

generations. No. of GA runs were set to be 50. After successful completion of docking, results 

were sorted on the basis of their energy profiles and the conformation with the lowest energy 

was analyzed for hydrogen bonding interactions with the protein using PyMOL. 
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3.3. Results and Discussion 

3.3.1. Protein purification and deglycosylation 

The native glycosylated PRGFII was purified to homogeneity by employing 

concanavalin A affinity chromatography (discussed in the previous chapter). This result 

shows that native PRGT-I1 is a glycosylated protein. Prolong incubation of PRGHI with 

PNGase F enzyme resulted the deglycosyaltion of native PRGHI. SDS-PAGE analysis under 

reducing condition indicated in that deglycosylated PRGHI migrated with an apparent 

molecular mass (Mr) of 60 kDa (Figure 3.1). This difference of molecular masses between the 

glycosylated and deglycosylated PRGHI suggested that PNGase F enzyme successfl.illy 

cleave the N-linked sugar moieties. This result was further strengthened by the fact that 

deglycosylated PRGHI didn't bind to concanavalin A matrix. Dcglycosylation was further 

confirmed by estimating the carbohydrate fraction by Phenol-sulphuric acid method. 

Previously many researchers have used PNGase F enzyme to remove the glycan moieties of 

glycoprotein successfully [85, 226]. 

1 2 

-66kDa > 
___ 

--60 kDa- 

- Figure 3.1. Deglycosylation of native PRGHI enzyme by using PNGase F. Land, 
deglycosylated PRGH1; Lane 2, Glycosylated PRGI-I1. 

3.3.2. Differences in the catalytic activities 

Table 3.2 shows both forms of this protein followed the same pattern in substrate 

preferences. The glycosylated form of this protein shows a slight higher affinity towards 

substrates as deglycosylated form has higher Km than the glycosylated form. The values of 

Vinax  for glycosylated PRGHI are significantly higher than the corresponding Vmax  values for 

deglycosylated PRGHI. These results suggest that the active site architecture of the enzyme 

mightn't have changed so much by virtue of deglycosylation. However, the catalytic actvity 

may be changed owing to the topological effeci. 
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Table 3.2. Kinetic parameters of glycosylated and deglycosylated PRGFII enzyme. 

Substrate K. (mM) Vmax(ikat/mg) Kcat (s') Kcat/Km  (M's) 

Glycosylated (Native) PRGHI 

pNP-G1c 0.53 0.181 12 2.27 X 10 

pNP-Ga1 0.64 0.112 7.39 1.15 x  IO 
pNP-Fuc 0.46 0.216 14.32 3.11 x 10 

Deglycosylated PRGHI 

pNP-Glc 0.57 0.139 9.26 1.62 X  10 

pNP-Ga1 0.69 0.080 5.30 7.68 x  10 

pNP-Fuc 0.49 0.171 11.33 2.31x 10 

3.3.3. Effect of temperature 

PRGHI is a thermostabic enzyme having optimum temperature at 65 °C. 

Deglycosylated PRGHI follows the same pattern with an overall less activity at each 

temperature (Figure 3.2 A). At the optimum temperature, the dcglycosylatcd enzyme showed 

1.4 fold less activity than the glycosylated enzyme. Here glycosylation is not required for the 

activity of the enzyme but required for optimal activation. Thermostability experiments 

showed that the glycosylatcd enzyme was fairly stable over a broad temperature range of 20-

70 °C, and the enzyme activity reduced above 70 °C. However, the activity of the 

deglycosylated enzyme reduced sharply above 45 °C. The result clearly demonstrated that 

deglycosylation preparation is more sensitive towards the high temperature. Similar study 

with fungal 3-g1ucanase [1 80] and human aquaporin 10 protein [178] showed that 

glycosylation affects the thermostability of the proteins. Thermal stability of proteins were 

also studied by using differential scanning calorimetry [16]. 
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Figure 3.2. The effect of temperature on the glycosylated and deglycosylated PRGI11 activity 
(A) and stability (B). Solid circks denote glycosylatcd PRGFII and open circle denotes 
deglycosylated PRGH1. For stability assay, the purified enzymes were incubated at different 
temperatures at p11 4.6 for 30 min and residual activity was measured. Results are the average 
of triplicate and the bars indicate the standard error. 
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3.3.4. Effect ofpll 

The optimum pH for the pNP-Glc activity of glycosylated PRGHI was studied over a 

pH range of 3.0 to 11.0 at 37 °C. As shown in figure, the enzyme retained most of its original 

activity at pH 5.0-6.0 with optimum at pH 4.6 (Figure 3.3 A). At optimum p1-I the 

glycosylated PRGHI showed 1.5 fold more activity than the deglycosylated PRGI-Il. 

However, at the extreme ends of the pH i.e. p1-I 3.0 and 9.0 both forms of the enzyme showed 

similar activity. The deglycosylated PRGFII enzyme shows a similar trend with an overall 

less activity at every pH. In addition to this at higher pH the activity of deglycosylated 

PRGI-ll decreased sharply. The effects of various pHs on the stability of recombinant PRGFII 

were checked (Figure 3.3 13). Both the forms of this protein were relatively stable over a pH 

range of 4.0 to 8.0. 

A 

I 

cJ 
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PH 

Figure 3.3. (A) The effect of p11 on the glycosylated and deglycosylated PRGIII activity. 
Solid circles denote glycosylated PRGH I and open circle denotes deglycosylated PRGI-I I. 
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Figure 3.3. (B) The effect of pH on the glycosylated and deglycosylated PRGH1 stability. 
Solid circles denote glycosylated PRGHI and open circle denotes deglycosylated PRGH1. 
For stability assay, the purified enzymes were incubated at different pH at 37 °C for I h and 
residual activity was measured. Results are the average of triplicate and the bars indicate the 
standard error. 

3.3.5. Effects of alcohols 

The effect of lower chain alcohols was studied by incubating both the glycosylated 

and deglycosylated PRG1-1 I enzyme with various concentrations of alcohols. The result 

showed that at a fixed concentration, the activity of both the form of enzyme decreases with 

increase in the length of the hydrocarbon chain of the alcohol (Figure 3.4). It can be seen that 

low concentration of methanol has stimulatory effect on both the preparation. From all the 

above experiment, it can be noticed that the deglycosylated form of the enzyme has relatively 

lower activity than the glycosylated form. Likewise, this same trend is repeated here. So, it 

can be concluded that alcohols have no drastic effect upon deglycosylation unlike the stern 

brornelain enzyme sourced from Aiiaiias comosus [115]. 
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Figure 3.4. Effect of alcohols on relative activity of both glycosylated (solid structure) and 
deglycosylated (empty structure): methanol (circle), ethanol (triangle), 1-propanol (square). 
Results are the average of triplicate and the bars indicate the standard error. 

3.3.6. Effect of glycosylation on protease susceptibility 

We have carried out limited proteolysis of both the glycosylated and dcglycosylated 

PRGH1 in order to determine if unglycosylated PRGH1 is more susceptible to proteolytic 

degradation than the glycosylated counterpart. The result showed that the unglycosylatcd 

PRGI-1 1 was quite sensitive to proteolysis against the two proteases we have used at 1:50 

molar ratios. 1-lowever, native glycosylated PRGH1 was found to be completely resistance to 

proteolysis (Figure 3.5). Proteolysis is an important mean to study the structural instability of 

the proteins imposed due to the dcglycosylation process. Studies reported that protein 

resistance to proteolytic attack increases with its conformational rigidity and vulnerability to 

protcolysis reflects the segmental mobility' [68, 69, 103]. Proteolysis study showed that 

glycosylated PRGH I is highly resistance to proteolytic degradation which precisely suggests 

the structure of native glycosylated PRGH1 is quite compact and rigid than the 

deglycosylated counterpart. Further, mutational studies showed that the glycosylation sites are 

present on the loop, which is believed to be the most susceptible region for protease attack. 

The glycosylation might prevent the proteases to access the proteolysis sites. Thus it can be 

concluded that the conformation of both forms of this protein is different as showed by 

differences in proteolysis sensitivity. This result was further strengthened by the CD study. 
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loom 

Figure 3.5. Proteolysis studies of both glycosylated and deglycosylated PRGFI1 in the 
presence of protease. Lane 1, glycosylated PRGI-II with trypsin; Lane 2, deglycosylated 
PRGHI with trypsin; Lane 3, glycosylated PRGI41 with papain, Lane 4, glycosylated PRGI-11 
with papain. 

3.3.7. CD spectra of glycosylated and deglycosylated enzyme 

The effect of deglycosylation on the secondary structure of PRGH I was examined by 

far UV CD studies. The far UV CD spectrum showed there is minor difference between the 

two forms of this protein (Figure 3.6). It was observed that deglycosylation process resulted in 

a decrease of the ellipticity suggesting little conformational changes upon deglycosylation. 

This study is supported by other reports; they stated glycosylation didn't alter the secondary 

conformation of the protein in a significant manner [6, 37, 115]. 
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Figure 3.6. Far UV. CD spectra of glycosylated ( ) and deglycosylated - - —) PRGH1. 
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3.3.8. Intrinsic fluorescence of glycosylated and deglycosylated PRGHJ 

We measured the fluorescence of the intrinsic tryptophan residues of both 

glycosylated and deglycosylated PRGI-Il to know the conformational changes induced by 

deglycosylation. Compared to the glycosylated form, the deglycosylatcd form of PRGFI1 

displayed a 1.13 fold increase in emission intensity at 342 nm and a red shift of —3 nm in the 

emission maximum (Figure 3.7). The shift and the increase in the emission peak may be due 

to change in the micro-environment of the chromophoric groups because of the 

deglycosylation. This result showed that tryptophan residues got exposure upon 

deglycosylation and they migrate from a more hydrophobic core to a less hydrophobic 

environment. This result strongly suggests that a significant conformational change of 

PRGFII enzyme follows the deglycosylation of the protein which precisely suggests the 

compact and rigid structure of native glycosylated may be changed to a comparatively flexible 

structure upon glycosylation. Fluorescence studies on human thyroglobulin showed a 

significant change in conformation upon deglycosylation [82]. 
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Figure 3.7. Effect of glycosylation on the intrinsic fluorescence emission spectra  ol 
glycosylated (solid circle) and deglycosylated (open circle) PRGIII. The experimcnit1 
conditions are described under materials and methods. The emission intensity unit is couni 
per second (CPS). - 



Role of N-linked Glycosylation on PRGH1 

3.3.9. Identification of N-linked glycosylation sites on PR Gill by inutagenesis 

The PRGFI 1 enzyme was successfully expressed in Saccharoinyces cerevisiae and 

purified to homogeneity (detail in the next chapter). The molecular weight of purified 

recombinant PRGH I is —66 kDa (similar to native PRGH 1), hence contain N-glycosylated 

sugars. PRGH1 contains 7 potential N-linked glycosylation sites (Asii-X-Ser/Thr) as 

predicted by using online tools. These include the asparagines at positions 5, 29, 253, 374, 

397, 407 and 472. These sites arc mostly conserved in plant 3-glucosidases. Individual 

mutant constructs were generated at each putative N-linked glycosylation site. These mutants 

allow for accuracy in determining whether an individual site is utilized for N-linked 

glycosylation. The asparagine residues were mutated to glutaminc and transformed into 

Saccharoinyces cerevisiae. Each mutated protein was purified and subjected to analysis by 

SDS-PAGE. The assumption was that there would be a little increase in clectrophoretic 

mobility in a mutant PRGH1 as compared to the wild PRGH1 if the mutated sites were N-

linked glycosylated in the wild PRGFI1. Result shows that three of seven mutants exhibited a 

slight greater mobility i.e. decrease in molecular mass (Figure 3.8). Each purified protein was 

assayed by using pNP-Glc as substrate to further verify that the purified protein was our 

target. Several such mutational studies were carried out to trace the N-linked sites [30, 145]. 

123 45 67 8910 

66 kDa - 
as pop 

Figure 3.8. Effect of site specific N-linked glycosylation mutants on glycosylation. Lane 1, 4 
and 6 are wild type; Lane 2, 3, 5, 6-10 are mutants with mutations at 29, 253, 397, 374, 407. 
472 and 5 sites respectively. 

3.3.10. Bioinforinatics analysis 

The biochemical studies on PRGI-Il revealed three N-glycosylation sites with Asn-X-

Scr/Thr motif are glycosylated. These sites are Asn29, Asn253 and Asn397. Therefore to 

know their location on the model and further study the glycosylation behavior and how it 

helps from proteolysis, modeling ofPRGHl and its docking with the high mannosc structures 

found in plants is done (Figure 3.9). All the three glycosylated asparagine residues are seen on 

the loop regions and the surface view also indicates that they are exposed rather than buried 

inside which makes them excellent candidate for glycosylation. The glycan structure i.e. 

Man3GlcNAc2 i.e. (D-Manpa 1-3 [D-Manpu I -6]D-Manpl3 I -4DGlcpNAcI3 1-4DGlcpNAc I - 
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01-1) forms hydrogen bonding interactions with the exposed asparagines. There are reports - 

that glycosylation hinders the biological activity of the protein, however none of the Po1e11tiaI 

sites mentioned here interferes with the active site residues (Figure 3.9). 1 lowever. 

glycosylation is of great importance in term of stabilizing the PRGI-lI structure and 

preventing it from proteolysis. Presence of the sugar moieties at the surface of the enzyme 

may prevent the proteases to cleave the glycosylated PRGH I enzyme. 

Figure 3.9. Docking of the glycan (ManGlcNAc) (Man )GlcNAc) (D-Manpul-3[D-
Manpu I -6]D-Manpf3 I -4DGlcpNAcf3 I -4DGlcpNAc I-OH) with PRGH I on the glycosylation 
sites Asn29, Asn253 and Asn397. The glycan structure and the glycosylation sites are shown 
in sticks with carbon colored green, Nitrogen blue and oxygen red color. The catalytic 
acid/base Glu 1 73 and catalytic nucleophilic residue Glu389 are shown in sticks in orange 
color. 
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3.4. Conclusion 

Glycosylation, one of the most complex and common PTMs, is of immense interest 

for its role in many biological functions such as cell signaling, molecular recognition, and 

immune defence. In addition to this, it has subtle effects on the various physiological 

activities like immunogenicity, solubility, circulatory half life and thermostability. The aim of 

this investigation was to examine the role of glycosylation for the stability and its 

consequence effect on the activity of a very efficient thermostable f-glucosidase from 

Pu/ranjiva roxburghii plant (PRGH 1). We successfully produced deglycosylated PRGH I by 

using PNGase F. We compared the activities of both forms of this enzyme under various 

conditions like different pH, temperature and alcohols. The result showed that 

deglycosylation decreases the overall activity of the PRGH1. At higher p1-I the deglycosylated 

PRGH l showed a sharp decrease in activity. The temperature profile of both the glycosylated 

and deglycosylated enzyme clearly reflect that glycosylated form of this enzyme have greater 

stability at higher temperature. Altogether, these data reflects that the carbohydrate moieties 

contribute to the stability of the native protein making it more resistance to different 

denaturants. Spectral properties of both glycosylated and deglycosylated enzymes showed 

that the conformation of the native protein changed to a certain extent after removal of the N-

linked sugars indicating the possible effect of glycosylation on local and/or global 

conformational dynamics of proteins. Proteolysis study along with the spectral studies 

suggests that the structure of native glycosylated PRGHI is quite compact and rigid than the 

deglycosylated counterpart. Mutagenesis studied shows that out of seven potential 

glycosylation site three sites were glycosylated. Additional studies will be required to 

determine how each mutation affects the stability and activity of the enzyme. Overall, our 

results suggest that N-linked glycosylation is not essential for 3-glucosidasc enzyme activity 

but it is important for stability of the enzyme for the optimal activity. 
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4. CLONING, EXPRESSION, PURIFICATION OF PRGH1 ENZYME BY USING 
YEAST SYSTEM AND ITS APPLICATION FOR BIOETHANOL PRODUCTION 

4.1. Introduction 

Cellulose is the most abundant polysaccharide on the earth and virtually an unlimited 

source of renewable bioenergy. However, in the absence of suitable treatment, a huge amount 

of industrial and agricultural insoluble cellulosic waste has accumulated, becoming a cause of 

environmental pollution [31]. The production of fuel ethanol from this cellulosic biomass 

remains a highly attractive one in terms of environmental, commercial and social 

sustainability [63]. Sugars for the fermentation process are accessed from cellulosic material 

through chemical or enzymatic hydrolysis. The enzymatic hydrolysis of cellulosic biomass 

involves conversion of biomass to reducing sugars, and the subsequent conversion of the 

reducing sugars to ethanol. However, this process is very costly owing to the recalcitrance of 

cellulose, resulting the low yield and high cost of the enzymatic hydrolysis process [157]. 

Microbial cellulolytic enzyme complex consists of three basic types of enzymes, including 

cellobiohydrolases (EC 3.2.1.91), endoglucanases (EC 3.2.1.4) and -glucosidases (EC 

• 
3.1.2.21), which work synergistically to degrade cellulose to glucose. Cellobiohydrolascs and 

endoglucanases synergistically degrade native cellulose to generate cellobiose, which is a 

strong product inhibitor of both the enzymes [126]. f3-glucosidases cleave the f3-1,4-glycosidic 

linkage of cellobiose to generate D-glucose. Therefore, -glucosidases not only catalyze the 

final step of cellulose degradation. but also allow the cellulolytic enzymes to function more 

efficiently by relieving the cellobiose mediated inhibition [216]. However, cellobiose is 

consistently accumulated owing to the weak -glucosidases activity of most microbial 

cellulases making cellobiose hydrolyzation the rate-limiting step during this enzymatic 

I • 
hydrolysis process of the cellulosic biornass [217]. 

One-step conversion of cellulosic biomass to bioethanol with an organism capable of 

cellulose degradation and efficient fermentation (consolidated bioproccssing-CBP) may offer 

cost reductions of bioethanol production [157]. One of the most effective ethanol-producing 

yeasts, Saccharoinyces cerevisiae, has several advantages including (i) nawral robustness in 

industrial process (ii) simplicity in genetic manipulation (iii) larger cell size, which simplify 

their separation from the culture broth (iv) resistance to viral infection and (v) commonly 

regarded as safe (GRAS) status due to its long association with the food and beverage 

industries [87]. Despite of these advantages S. cerevisiae has a major drawback due to its 

inability to degrade cellobiose and longer chain cello-oligosaccharides efficiently and these 
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are the dominant soluble by-products of cellulose hydrolysis. Therefore, construction of f3-

glucosidascs overproducing strain is an important strategy to enhance the efficient utilization 

of cellobiose. Great efforts have been made to genetically engineer S. cerevisiae to grow on 

cellobiose by expressing hctcrologous 3-glucosidases genes. Mostly, 3-glucosidase from 

bacterial and fungal origin have been transferred to S. cerevisiae enabling the growth on 

cellobiose [86, 159, 236], but no effort has been made with the efficient plant 3-glucosidases 

till date. Enzyme thcrmostahility is crucial during the saccharification step because steam is 

always used to make the substrates more appropriate for enzymatic hydrolysis process [150]. 

Thermostable -glucosidases can he used in the saecharification procedure without a pre-

cooling process. 

Our previous study focused on the identification and partial characterization of a - 

thermostable family I glycosyl hydrolase enzyme (PRGI-ll) which was sourced from 

Putranjiva roxburghii plant [183]. P. roxburghii is a medicinal plant from Euphorbiaceae 
family. In this study, the prghl gene was overexpressed under the control of the PGKI 

promoter and terminator in S. cerevisiae. The enzymatic properties of the purified 

recombinant PRGH1 were characterized. The ability to the sustain growth of the obtained It 
strain on cellobiose as sole carbon source was studied under aerobic conditions. To the best 

of our knowledge, it is the first report where a plant 3-glucosidasc gene was used to engineer 

S. cerevisiae for better utilization of ccllobiosc. 
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4.2. Materials and Methods 

4.2.1. jVicroorganisin strains and culture conditions 

E. co/i strain XLI-Blue (Stratagene) was used as host strain for maintenance and 

amplification of constructs. Luria-Bertani medium [202] was used to cultivate the bacterial 

strain, and 100 igirnl of ampicillin was added for selecting transformant. S. cerevisiae Y294 

was cultured in YPD medium (1% yeast extract, 2% peptone, 2% glucose) at 30 °C. Selective 

synthetic complete (SC) medium (2% glucose. 0.67% yeast nitrogen base [HiMedia, India] 

containing amino acid supplements) was used to select and maintain S. cerevisiae 

transformant. 

4.2.2. Reco,,thinant vector construction 

The enzymes for amplification, restriction digestion and ligation were purchased from 

NEB. The yXYNSEC vector, pDFl plasmid and S. cerevisiae Y294 strain were kindly 

provided by Prof. Willern Heber van Zyl, Stellenbosch University, South Africa. Previously, 

we have cloned the 1617 bp 3-g1ucosidase gene prgh], into the pGEM-T vector and the gene 

sequence was submitted in the NCBI Gene Databank with the Accession no KF0063 11. The 

ORF of PRGH1 gene without native signal sequence was amplified by PCR from the 

recombinant plasmid pGEM-T-PRGH1 by using the primers set 5'- 

GAGCTCGCGAAATTCCTTCAACAGAAGTG-3' and 5 1 - 

CGGAAGATCTTAAGCGGCTGCTGATCTAATAG-3' having overhanging regions 

encoding Nrul and Bgl11 restriction sites respectively. The purified PCR product was digested 

with Nrul and Bg1II and was ligated to NrullBglll site of yXYNSEC vector, which enabled 

the fusion of prghl gene to xyn2 secretion signal from Trichoder,na reesei. The detail 

construction of the multi-copy, yeast expression vector yXYNSEC was described by Rooycn 

el al. [236]. Correct construction was confirmed by restriction digestion and subsequent I)NA 

sequencing. The resulting construct was designated yXYNSEC-PRGH I 
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Figure 4.1. Plasmid map of yXYNSEC [236]. 

4.2.3. Yeast trwz.sforination ,,zd FUR I gene disriip lion 

S. cerevisiae Y294 was transformed with the yXYNSEC-PRGI-1 I plasmid by the 

dimcthyl sulfoxide-lithium acetate method described by I-Jill Ct al. [98]. Transformants were 

screened and maintained on SCI.a  medium. Further confirmation of the transformation was 

done with PCR. To ensure autosciection of the URA3-bcaring yXYNSEC-PRGH I plasmid in 

non-selective medium, disruption of the uracil phosphoribosyltransferase (FUR I) gene in the 

S. cerei'isiae Y294 Iransformants was performed by using pDFl plasmid [133]. Furl ::Lcu2 

autoselcctive transformants were screened on SC4rLeLJ  medium. 
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Figure 4.2. Schematic representation of the disruption of the FURl gene in the gcnome of f3-

glucosidasc producing S. cerevisiae strain, figure adopted from reference no. 133. 

4.2.4. Purification of recombinant PRGHJ 

The autoselective S. cerevisiae Y294 transformants were inoculated onto a defined 

solid medium with cellobiose as the sole carbon source. The plate was incubated for 2 days 

and then overlaid with 0.8% agar containing 5 mM 4-mcthylumbellifeiyl--13-

glucopyranoside (MUG). After that, the plate was incubated at 50 °C for 15 min and the 

colonies with 13-glucosidase activity was monitored under UV light (365 nm). 

For protein purification, autoselective S. cerevisiae Y294 cells with strong 13-

glucosidase activity were grown in I L of defined medium with cellobiosc as the sole carbon 

source at 30 °C for 48 h. The supernatant of the culture was separated from the cellular mass 

by centrifugation for 5 mm at 5000 X g. The supernatant was utilized as crude enzyme for the 

purification. The supernatant was percolated through filter paper and concentrated up to 50 

mL using a 10 kDa cutoff Amicon Ultra-15 concentrator (Millipore, Bedford, Massachusetts, 

USA). The concentrated supernatant was precipitated at increasing concentration of 

ammonium sulfate at 4 °C. The resulting precipitates containing most amount of enzyme were 

collected by centrifugation, dissolved in distilled water and dialyzed agamst 50 mM Tris-I-ICl; 

pH 8.0 and loaded on a DEAE-Sepharose column pre-equilibrated with the same buffer. The 

column was washed extensively with 50 mM Tris-HCI; p1-I 8.0 to remove unbound proteins 

and bound proteins were eluted with step gradient from 0 to 0.3 M NaCl. 1-lomogeneity of the 

each fraction was analyzed by 12% SDS-PAGE. The pure and active fractions were pooled, 

dialyzed and concentrated by Amicon Ultra (10 kDa MWCO). 
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4.2.5. SDS-PA GE and MUG-zymograrn analysis 

SDS-PAGE was performed with a 12% polyacrylamide gel using the method 

described by Lacmmli [134]. The samples were incubated for 5 rnin at 95 °C in the presence 

of 10% SDS and 0.5% n-ME before subjected to SDS-PAGE. The gel was stained with 

Coomassie Brilliant Blue R-250 and subsequently destained with destaining solution. 

The 0-glucosidasc activity of the purified enzyme was observed by the zymogram 

assay with 4-methylumbelliferyl 3-D-glucopyranoside (MUG) as substrate by using 6% 

native PAGE. The gel was run for 3 h at a constant current of 10 mA at 4 C. After 

cicctrophoresis, the gel was repeatedly rinsed with distilled water and 50 mM citrate 

phosphate buffer; pH 5.0 before being overlaid with 0.5 mM MUG in same buffer, and 

incubated at 50 °C for 10 mm. The fluorescence product was visualiscd under UV 365 nrn, 

and subsequently gel was stained with Coomassie Brilliant Blue R-250. 

4.2.6, Circular dichroisn: spectroscopy 

Circular dichroism study of purified recombinant PRGHI was carried out with a 

Chirascan Circular Dichroism Spectrometer (Applied Photophysics Ltd., Surrey KT22 7PB, 

United Kingdom). Far-UV CD spectra (190-260 nm) were collected using 1 mm path length 

quartz cell at 25 °C with spectral band-width of 1 nm and time per point was 0.5 s. Protein 

concentration was kept 0.2 mg/mI and the protein sample was filtered using 0.45 1.iM filter 

prior to use. The CD spectra were analyzed using online DICHRO WEB programme. The CD 

results were expressed in terms of mean residue ellipticity. 

4.2.7. Substrate specificity 

After optimising the purification of recombinant PRGI-I1 enzyme, the substrate 

specificity of the purified enzyme was determined. The enzyme activity on the ary glycosides 

such as p-nitropheny1--D-glucopyranoside, p-nitrophenyl-3-D-galactopyranosidc, p-

nitrophenyl-3-D-fucopyranoside and p-nitrophenyl--D-cellobioside were assayed at same 

condition as described previously [183]. The kinetics parameters were determined from 

Lineweaver-Burk plot by using these substrates. The substrate specificity of recombinant 

PRGHI towards different glucooligosaccharidcs like cellobiose, ccllotriose, ccllotctrosc, 

ccllopcntaosc, trehalose, lactose and maltose were analyzed by quantifying the released 

glucose using glucose (1-1K) assay kit (Sigma). Furthermore, the natural substrates like 
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amygdalin, arbutin, larninarin, genistin, daidzin, fi-gcntiobiose and quercetin 3-3-D-glucoside 

were also assayed at the same condition. 

4.2.8. Effect of temperature and pH on enzyme activity 

The temperature optima of recombinant PRGH 1 was determined by the activity on 

cellobiose as substrate. The enzymatic activity was assayed by incubating the reaction 

mixtures at different temperature ranging from 10 °C to 90 °C with 5 °C increments. The 

thermostability was determined by measuring the residual activity of recombinant PRGHI 

after incubating the enzyme at different temperatures (10 °C-90 °C) in 50 mM citrate 

• phosphate buffer; pH 5.0 for I h. For optimal p1-I determination, recombinant PRGH1 was 

assayed in 10 mM Britton-Robinson buffer, with p11 values ranging from 3.0 to 11.0 at 65 °C 

• using cellobiose as substrate. The p1I stability was determined by calculating the residual 

enzyme activity after incubation at 65 °C for 1 h in suitable buffer. 

4.2.9. Effect of inhibitors and additives 

The inhibitory effect of N-bromosuccinimide (NBS) and -gluconolactone on the 

activity of the recombinant PRGH1 towards the substrate cellobiose were determined by 

incubating 1 mM inhibitor with 1 mol of enzyme at 37 °C for 10 mm. Similarly, the effects 

of additives were assessed by evaluating enzyme activity in the presence of various metal 

ions, EDTA, DMSO, Triton X-100, Urea, DTT, Guanidine hydrochloride, 3-mcrcaptoethanol, 

and SDS. The effects of alcohols were studied by co-incubating the enzymes with different 

concentrations of alcohol for 30 inin and residual activity was measured by using cellobiose 

as substrate. 

4.2.10. Shake-flask fermentation of cellobiose 

Autoselcctive S. cerevisiae Y294 transformants were used in SSF experiments. First, 

the transformants were pre-cultured overnight in YPD medium, harvested by centrifugation 

for 5 min at 3000 X g at room temperature, resulted cell pellet was twice washed with 

sterilized distilled water, resuspended in a medium containing cellobiose as single carbon 

source and finally inoculated into fermentation medium. Initial cell density was adjusted to an 

0D600  of 0.05. Flask fermentation experiments were performed using 50 mL of medium 

containing 20 gIL of cellobiose as sole carbon source in 250 mL flask at 30 °C with an 

agitation speed of 200 rpm under an aerobic condition. The medium was supplemented with 

different amino acids according to the auxotrophic requirements and to increase the 
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hctcrologous protein expression as per Rooycn ct al. [236]. The growth curve, ccllobiosc 

consumption, and ethanol production of this culture was determined at 0, 6, 12, 18, 24, 30, 36, 

42 and 48 hrs. The cell density was measured by using spectrophotometer at 600nm. 

Cellobiose and ethanol concentration were determined as described below. 

4.2.11. Simultaneous saccharijication and fermentation (SSF) assays with cellulosic 
substrates 

Equivalent SSF experiments were carried out batch wise in 250 mL conical flasks 

with CMC/ricc straw/sugarcane bagasse as single carbon source. Both rice straw and 

sugarcanc bagassc were alkali pre-trcated with diluted NaOH (0.5%) for 30 minutes at 100 

°C. After NaOfl pre-treatment the solid mass was separated from the liquid Iraction, then 

washed several time with running water to ncutralise the pH followed by a final rinse with 

distilled water and dried to constant weight at 60 °C. The conical flasks were loaded with 10 g 

of dry cellulosic mass (both alkali treated/non-treated) and 70 mL of 50 mM Sodium 

phosphate buffer; p1-I 5.0 and the media sterilized at 121 °C for 20 mm. Prior to the SSF 

process the cellulosic masses were pre-treated with a cellulosic load (20 FPU/g of dry 

cellulosic mass) and incubated at 45 °C for 24 h in a rotary shaker at 100 rpm. Then the 

temperature of the media was cooled down to 30 °C and S. cerevisiae Y294 transformants 

suspension was added aseptically to the medium and the SSF was run for 72 h. Samples were 

taken at 0, 4, 8, 12, 18, 24, 30, 36, 42, 48, and 72 Ii, and analyzed for cellobiose, glucose and 

ethanol. In all SSF experiment, parental S. cerevisiae Y294 was used in corresponding 

experiment as a control. Cellobiosc, glucose and ethanol concentration were determined with 

a Shimadzu 14PLC chromatograph equipped with a refractive index detector using a Bio-Rad 

Aminex HPX-87H column. The column temperature was maintained at 50 °C and water was 

used as mobile phase at a now rate of 0.5 ml mm 1. Filter paper unit was calculated by the 

protocol described by Ghosc [75]. 
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4.3. Results and discussion 

4.3.1. Construction of recoin binant S. cerevisiae strain expressing ,ui-glucosidase 

The [3-glucosidase gene from plant source (Puiranjiva roxburghii) was amplified 

excluding the native secretion signal. The primers were designed on the basis of gene 

sequence data available in Genbank with the Accession no KF0063 ii. The -glucosidase 

gene (prgh]) was cloned in frame with the T. reesei xyn2 secretion signal into yXYNSEC 

vector under the transcriptional control of PGK1 promoter and terminator for constitutive 

expression. This obtained yXYNSEC-PRGTIl plasmid was used to transform S. cerevisiae 

Y294 to Uracil prototrophy (Ura). The S. cerevisiae Y294 (Ura) transformants showed 

strong luminescence around the colonies under UV light on SC °  selection plate when MUG 

was used as substrate, but the native S. cerevisiae Y294 strain did not show a clear zone 

(Figure 4.3). PCR with DNA from transformants confirmed the presence of yXYNSEC-

PRGI-1 I plasmid. The FURl gene of transformants was disrupted to generate autoselective 

strains. This deletion was confirmed with PCR and the parental S. cerevisiae Y294 was used 

as reference. Therefore, the PRG1I1 gene was attached to the xyn2 secretion signal sequence 

[133] and expressed constitutivcly from a high copy number yeast expression vector. The 

expression is under the transcriptional control of the PGK1 promoter and terminator of S. 

cerevisiae. The xyn2 signal was attached for successful secretion of the target enzyme to the 

growth medium [197]. 

Figure 4.3. Expression ofprghl gene in S. cerevisiae Y294. S. cerevisiae Y294 transformants 
(peripheral colonies) showed the 3-glucosidasc activity when MUG was used as substrate. 
Native S. cerevisiae Y294 (center colony) didn't show any significance 3-glucosidase 
activity. 
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4.3.2. Purification of recombinant PRGHI expressed in S. cerevisiae 

The recombinant PRGI-I1 was expressed constitutively under PGKI promoter in S. 

cerevisiae Y294. The protein was secreted to extracellular fraction of culture. At 60% 

ammonium sulphate, most of the PRGHI enzyme was precipitated out. These resulting 

precipitates were used for further purification as described in materials and method section 

and the recombinant PRGHI was purified to homogeneity. The recombinant PRGHI enzyme 

was purified 25.23 fold with a 54.34% yield against cellobiose as the substrate. The 

purification results were summarized in Table 4.1 and the SDS-PAGE pattern of each 

purification step was shown in figure 4.4 A. Like this enzyme, several 3-glucosidases purified 

by using several complicated chrornatographic steps [260]. 

Figure 4.4 (A) SDS-PAGE (12% w/v) analysis of recombinant PRGHI purification. Lane I. 
molecular weight marker; Lane 2, concentrated culture supernatant of native S. cerevisiae 
Y294; Lane 3, concentrated culture supernatant of recombinant S. cerevisiae Y294; Lane 4, 
last fraction of gradient ammonium sulphate precipitation (60%); Lane 5 and Lane 6, 200 mM 
NaCl fraction from DEAE; Lane 7, cell lysates of recombinant S. cerevisiae Y294. (B) 
Electrophoretogram of the purified recombinant PRGT-Il in the native page. (C) Zymogram of 
the purified recombinant PRGI-Il in the native page with different fluorescence substrates. 
Lane 1, MUG as substrate; Lane 2, MUGA as substrate; Lane 3, concentrated culture 
supernatant of native S. cerevisiae Y294. 
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Table 4.1 Summary of purification of recombinant PRGT-11 secreted by recombinant S. 
cerevisiae Y294. 

Purification Total protein 
Steps (mg) 

Total activity*  
(U) 

Specific activity * 

(U/mg) 

Recovery rate 
(%) 

Purification 
(fold) 

Supernatant 148,3 194.7 1.31 100 1.0 

Concentrated supernatant 117.3 179.6 1.53 92.24 1.16 

Ammonium 22.8 143.6 6.29 73.75 4.80 
sulphate precipitation 

DEAE-Sepharose 
3.2 105.8 33.06 54.34 25.23 

chromatography 

*The  activity was given for the J3-glucosidasc only. 

4.3.3. SDS-PAGE and zyinogram analysis 

SDS-PAGE analysis under reducing condition indicated that recombinant PRGHI was 

migrated with an apparent molecular mass (Mr) of 66 kDa. However, Native-PAGE analysis 

showed that recombinant PRGHI exists in higher order oligorneric states (Figure 4.4 B). Our 

previous study with native PRGI-11 (purified from plant source) confirmed that at high 

concentration of this enzyme it exists in different oligomcric forms (Second chapter). After 

Native-PAGE, the -glucosidase and 3-ga1actosidase activity of the purified recombinant 

PRG141 was observed with 4-mcthylumbcllifcryl 3-D-glucopyranoside (MUG) and 4-

mcthylumbc1liferyl 3-D-galactopyranoside (MUGA) respectively used as substrates. The 

result showed that the enzyme was able to hydrolyze both the substrates, since clear bands 

were observed under UV 365 nm after incubation (Figure 4.4 C), but the fluorescence 

intensity was higher when MUG was used as substrate indicating it has more f3-glucosidase 

activity than -galactosidase. 1-lowever, no fluorescent band developed when crude extract of 

native S. cerevisiae Y294 was used in this zymogram assay (Figure 4.4 C, lane 3). 

The secreted recombinant PRGHI has a molecular mass of'-'66 kDa, which is similar 

to the protein sourced from the Putranjiva roxburghii, but a 7 kDa difference was observed 

when compared to the protein overexpressed in the bacterial host (Second chapter). These 

results clearly suggest that in the S. cerevisiae host the protein was able to glycosylate as a 

part of post translational modifications. High-level secretion of heterologous gene products in 

S. cerevisiae is mediated by the hydrophobic N-terminal extension of the polypeptide [133]. 

This leader peptide translocates the protein from Golgi complex to culture medium via plasma 
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membrane. Studies suggest that the hydrophobic XYN2 secretion was cleaved on the 

carboxylic side of Lys-Arg dihasic cleaving site by the KEX2 protcase of S. cerevisiae [197]. 

4.3.4. Circular dichrois,n study 

The CD spectrum between 190 and 240 nm indicated that a-helix is the principal type 

of secondary structure in the recombinant PRGH1 enzyme and structural integrity is well 

maintained throughout purification (Figure 4.4). The dcconvolution of CD data with 

DichroWcb program indicates that the a-helical and [-shcet contents were 35% and 21% 

respectively. The percentage of the secondary structure elements well support our sequence 

based model. This result was also coinciding with CD spectrum result of plant sourccd protein 

[183]. The CD result also suggested that the enzyme maintained its integrity during the 

purification process. 
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Figure 4.4. Far-UV CD spectrum (190-240 nm) of purified recombinant PRGF11 in 20mM 
sodium phosphate buffer (p'.1  8.0). 

4.3.5. Substrate specificity and kinetic parameters of recombinant PR GIll 

Glycosyl hydrolase family 1 enzymes show a wide range of enzyme activity, so that 

we have used various substrates to characterize this enzyme. Purified enzyme was used in 

enzyme assays. The specificities of recombinant PRGHI against different substrates are 

shown in table 4.2 and 4.3. The result showed that the enzyme was active against pNP 

substrates as well as natural substrates. This enzyme was best active against p-nitrophenyl - 

D-fucopyranosidc (pNP-Fuc), with relative activity of I 32% and also very active against I3-D- 
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glucopyranoside (pNP-Glc) and p-nitrophenyl f3-D-galactopyranoside pNP-Gal) with relative 

activity of 100 and 80% respectively. Both p-nitrophenyl-3-D-cellobioside (pNP-Cel) and 

cellobiose also efficiently hydrolyzed by this enzyme. But, the recombinant PRGH1 showed 

more activity against pNP-Fuc and pNP-Glc (analogue of cellobiose, consisting of two 

glucose moiety linked by the f-1, 4-glycosidic linkage) than the pNP-Cel (analogue of 

cellotriosc, consisting of three glucose moiety linked by the -1, 4-glycosidic linkage). The 

recombinant PRGH1 had no significant activity on CMC, maltose, sucrose, trehalose, 

mclibiose, nigerose, xylan, laminarin or lichenan as substrates. The enzyme could hydrolyze 

the cellooligosaccharides, but the activity decreased gradually as the chain length increased. 

Salicin was hydrolyzed efficiently by this enzyme. 

The hydrolysis rate at different concentrations of various pNP substrates confirmed 

that the recombinant enzyme follows Michaelis-Menten kinetics. The Km and Vmax values 

for different pNP substrates and cellobiose obtained from Lineweaver-Burk plot and the 

results are shown in table 4.4. The values were obtained under standard assay conditions. The 

KcatlKjl) values clearly demonstrate that the enzyme has slightly higher affinity towards pNP 

substrates than cellobiose. 

With respect to their specificities of substrates, most of the f3-glucosidase 

characterized till date can be catagorized into three groups: (i) showed high specificity 

towards aryl 3-glucosides (ii) known as cellobiases, hydrolyzes cello-oligosaccharides and 

cellobiose (iii) hydrolyzes both type of substrates [89]. Our study showed that PRGHI is a 

broad specific (3-glucosidase enzyme. The analysis of kinetic parameters showed that PRGH I 

is much more competent at the hydrolysis of (3-glucosidase and (3-fucosidase substrate than 

the (3-galactosidase substrate. This enzyme able to hydrolyzes cellobiose at a significant rate, 

which is most important from the commercial point of view. 
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Table 4.2 Relative hydrolytic activity of purified recombinant PRGH1 enzyme with various 
chromogenic substrates. 

Substrate - Relative activity (%) 

p-nitrophenyl 3-D-glucopyranoside 100 

p-nitrophenyl f3-D-galactopyranoside 78 

p-nitrophenyl 3-D-fucopyranoside 132 

p-nitrophenyl f3-D-cellobioside 36 

p-nitrophenyl 3-D-xylopyranoside 3 

o-nitrophenyl f3-D-galactopyranoside <0.001 

p-nitrophenyl 13-D-manopyranosidc <0.001 

p-nitrophenyl a-D-glucopyranoside <0.001 

p-nitrophenyl a-D-galactopyranoside <0.001 

Table 4.3 Relative hydrolytic activity of purified recombinant PRGH 1 enzyme with various 
disaccharides and natural substrates. 

Substrate Relative activity (%) 
Cellobiose 100 
Cellotriose 66 
Cellotetrose 54 
Cellopcntaosc 42 
Trehalose <0.001 
Maltose <0.001 
Sucrose <0.001 
Trchalose <0.001 
Melibiose <0.001 
Nigerose <0.001 
Xylan <0.001 
Laminarin 29 
Lichenan 19 
Aniygdalin 54 
Arbutin 47 
Salicin 38 
Gentiobiose 47 
Quercetin 3-13-D-glucoside 28 
Esculin 43 
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Table 4.4 Kinetic parameters of recombinant PRGHI enzyme. 

Substrate K., (mM) Kcat(5) KcatlKrn (Ms') 

pNP-G1c 0.52 11.73 2.26 x  104 

pNP-Ga1 0.65 7.95 1.22 X 10 

pNP-Fuc 0.47 14.05 2.99 X  IO" 

pNP-Ccl 3.11 7.3 2.34 x  iø 

Cellobiose 1.26 7.88 6.25 x 10 

4.3.6. Effect of metal ions, inhibitors and other reagents on recombinant PRGHI activity 

Most of the divalent metal ions and EDTA had no significance effect on enzyme 

activity. However, Zn 2+   and Hg ions  have the inhibitory effect on f3-glucosidase activity. 

NBS completely abolished the function of the enzyme and a significance loss in activity was 

observcd in case of 6-gluconolactonc. The addition of SDS resulted in a significant 

improvement on the activity, whereas DMSO and Triton X-100 resulted in slight activity 

enhancement. The effect of lower chain alcohols was studied by incubating the enzyme with 

various concentrations of alcohols. The result showed that the enzyme was very stable against 

ethanol and 1-propanol and at low concentration methanol showed stimulatory effect (Table 

4.5). In the presence of the metal ions the activity of the enzyme remains unaltered except 

some. This seems to be an advantage for the industrial process as the presence of various 

metal ions in the natural feedstocks can't hinder the activity of the enzyme. In the presence of 

reducing agent the activity of the enzyme didn't decreased significantly indicating that Cys 

don't play any role in the catalysis. Two well established inhibitors i.e. N-bromosuccinimide 

and -gluconolactone inhibited the activity of PRGH1, indicates that this enzyme is a 

glucosidase rather than an exoglucanase. Different chemical reagents altered the activity of 

the enzyme. This enzyme showed resistance towards ethanol. DMSO and 10% ethanol 

enhanced PRGHI activity. Some other study also reported that alcohols act as an activator 

owing their glycosyltransferase activity [101, 194]. 
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Table 4.5. Effects of metal ions, chelating agent, chemical agents and organic solvents on the 
enzyme activity of recombinant PRGH1 enzyme. 

Effectors Concentration Relative activity (%) 
No additive 

- 100 ± 4.5 
Metal ions 
Mg2  1mM 98.5±5.1 
Mn 21 1mM 103.7±4.9 
Ca 21 1mM 101.3±6.1 
Ni24  1mM 90.0± 3.1 
CO24  1mM 97.1 ± 2.8 
Zn2  1mM 38.5±3.5 
Ba2  1mM 102.5±3.7 
Hg2t  1mM 48.8±7.6 
Fe2 ' 1mM 115.2± 1.5 
Pb2  1mM 107.7±2.1 

Sn rfactan ts 
SDS 1mgm1 117.6± 5.8 
Triton X-100 10mg ml' 110.0± 1.3 

Chelating agent 
EDTA 10mM 100.2±4.9 

Chemical agents 
-mercaptocthano1 1mM 94.3 ± 4.7 

DTT 1mM 96.2±3.8 
Urea 5mM 98.4 ±3.3 
Hydrochloride guanidinc 10mM 91.7 ± 6.2 
DMSO 10% (v/v) 114.1+3.7 

Inhibitors 
N-bromosuccinimidc 1mM 19.9 ± 5.3 
-g1uconolactonc 5mM 53.0 ± 3.7 

Organic solvents 
Ethanol 10% (v/v) 99.4± 4.4 
Ethanol 25% (v/v) 52.3 ± 2.7 
1-propanol 10% (v/v) 93.7 ± 1.8 
1-propanol 25% (v/v) 40.4 ± 4.3 
Methanol 5%(v/v) 119.2± 3.8 
Methanol 10% (v/v) 103 ± 5.7 
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4.3.7. Effect ofpH and temperature on enzyme activity 

The optimum p1-1 for the ccllobiosc activity of recombinant PRGI-I1 was studied over a 

p1-I range of 3.0 to 11.0 at 65 °C. As shown in figure, the enzyme retained most of its original 

activity at pH 5.0-6.0 with optimum at pH 5.0. The effects of various p14s on the stability of 

recombinant PRGI-I1 were checked (Figure 4.5 B). After incubating the enzyme at different 

pH for lh the residual activity was measured. The enzyme was quite stable over a broad pH 

range of 4.0 to 8,0; retained 70% of original catalytic activity against cellobiose but below p1-I 

4.0, the activity declined quickly. Under optimal pH condition, the purified recombinant 

PRGH I had an optimum temperature of 65 °C. The effect of temperature on enzyme activity 

and stability are shown in Figure 4.6. Thermostability experiments showed that the enzyme 

was fairly stable over a broad temperature range of 20-70 °C, and the enzyme activity reduced 

above 70 °C. Unlike to this enzyme several cold active 3-glucosidases were reported earlier 

[15, 52, 251, 252]. 

Result showed that it was active in wide pH and temperature range. Thcrmostability is 

a significant character of 3-g1ucosidasc during the enzymatic conversion of ccllobiose to 

reducing sugars. Generally, during saccharification step steam is applied on the biomass to 

make it easier for degradation. A thermostable enzyme like PRGHI along with other 

themostable enzymes can be used after the heating step avoiding the pre-cooling process, 

hence reducing processing time, decreasing contamination, saves energy, and enhancing the 

quality and yield of fermentation [150]. 
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Figure 4.5. Optimal p1-I (A) and pH stability (B) of purified recombinant PRGI-Il enzyme. 
The relative activities of 3-gIucosidase against cellobiose are expressed as percentage 
normalized to the sample with the highest activity in each test. 
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Figure 4.6. The effect of temperature on the purified recombinant PRGHI activity (solid 
circles) and stability (open circles). For stability assay, the purified enzymes were incubated 
at different temperatures at pH 5.0 for 1 hour and residual activity was measured. 

4.3.8. Fermentation of cellobiose by recombinant S. cerevisiae 

Under aerobic condition, flask fermentation was carried out to investigate the ability 

of recombinant S. cerevisiae Y294 to produce ethanol from the minimal media containing 2% 

(w/v) cellobiose as a sole carbon source. In this culture condition, the growth profile of both 

native and recombinant S. cerevisiae Y294 was compared and the result confirmed that the 

recombinant S. cerevisiae Y294 culture showed a better growth profile in ccli density (Figure 

4.7.). Figure 4.8 and 4.9 demonstrates the rate of cellobiose consumption, and subsequently 

ethanol production respectively. The concentrations of glucose decreased with time and 

consequently the ethanol concentration increased. In case of recombinant S. cerevisiae Y294 

culture, the highest ethanol concentration was 4.05 gIL, which was 2.9 fold higher when 

compared to native S. cerevisiae Y294 (used as control), grown in the same condition. Total 

cellobiose consumption was observed for the recombinant strain after 36 h, with consumption 

rate of 0.55 g cellobioselL h, yielding 0.20 g cthanol/g cellobiose. -glucosidase are strongly 

inhibited by glucose which is the end product of cellobiose hydrolysis. In this cellobiose 

- 
fermentation experiment, no significant amount of glucose accumulated during fermentation 

suggesting the efficient conversion of glucose by the yeast. 

The growth curve suggest that the recombinant S. cerevisiae Y294 was able to grow in 

cellobiose medium owing to the ovcrexpression of -g!ucosidase gene. S. cerevisiae have 
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very fast carbon flux in the glycolysis process, when glucose was used as the carbon source. 

Cellobiose, which is a dimer of glucose, was predicted to be used in similar manner as 

glucose by the host. But, the utilization of cellobiose seems to be slower than the glucose. It 

was also found that in the cellobiose medium the percentage of higher metabolitcs of 

glycolysis were at elevated level [116]. In shale flask culture, the recombinant S. cerevisiae 

Y294 was able to ferment the cellobiose more efficiently. This result suggested the possible 

use of this new construct in SSF process. S. cerevisiae is well characterized previously, where 

large scale bioreactor were scaled up from shake flask [28]. 

'0 

4- 

0 10 20 30 40 50 
Time (hr) 

Figure 4.7. The growth profile of native (circle) and recombinant (triangle) S. cerevisiae 
Y294 on defined medium with ccllobiosc as sole carbon source. 
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Figure 4.8. Comparison of ccllobiose consumption between native (circle) and recombinant 
(triangle) S. cerevisiae Y294. Results are the average of triplicate and the bars indicate the 
standard error. 

106 



Application of PRGI-11 for Bioethanol Production 

0 

-z 

0 10 20 30 40 50 
Time (hr) 

Figure 4.9. Comparison and time course of ethanol production between native (circle) and 
recombinant (triangle) S. cerevisiae Y294. Results are the average of triplicate and the bars 
indicate the standard error. 

4.3.9. Simultaneous sacchariJication and fermentation of cellulosic substrates with the 
recombinant S. cerevisiae Y294 

In the current SSF experiments, both treated and untreated different cellulosic 

biomasses were applied to 12 h enzymatic prehydrolysis, after which the concentrations of 

cellobiosc and glucose were evaluated. NaOH pre-treatment was found to be more effective 

for cellulase activity in case of rice straw and sugarcane bagasse, while cellulase activity was 

independent of this alkali treatment when CMC was used as substrate (Table 4.6). 

- Table 4.6. Concentration of cellobiose and glucose after enzymatic prehydrolysis of both 
untreated and alkali treated cellulosic substrates. Temperature: 45 °C; agitation speed: 100 

- 
rpm; time duration: 24 hrs. 

Cellulosic substrate Cellobiose (g U1) Glucose (g L) 

CMC 0.11 ± 0.02 23.39 ± 0.90 

Untreated rice straw 7.61 ± 0.25 31.68 ± 2.83 

Alkali treated rice straw 13.78 ± 0.47 49.20± 3.41 

Untreated sugarcane bagasse 12.62 ± 0.68 48.93 ± 3.65 

Alkali treated sugarcane bagasse 22.58 ± 0.21 66.29 ± 2.56 
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Commercial ccllulascs are usually used for converting cellulose to ccllobiosc or other 

oligosaccharidcs. Despite the fact that these cellulases possesses high exo-and endo-glucanase 

activity, but show very low f3-glucosidasc activity. Since, prehydrolysis of rice straw and 

sugarcane hagessc generate glucose and significant amount of cellobiose, recombinant S. 

cerevisiae Y294 was used for efficient consumption of cellobiose and efficient bioethanoi 

production. Cell density, concentrations of glucose and ethanol were used to estimate the 

efficiency of SSF. The recombinant S. cerevisiae Y294 produced more ethanol from the 

cellulosic biomass (of rice straw/sugarcane bagasse) as compared to the native S. cerevisiae 

Y294. Prc-treatmcnt of the hiomasses had significance influence on ethanol production was 

due to high concentration of glucose in fermenting medium. As expected, sugarcane bagasse 

was the best substrate for SSF as the prc-trcatmcnt and hydrolysis process synergistically 

produced more fermentable sugar and subsequently more production of ethanol (Table 4.7). 

The time course of ethanol production from CMC and alkali treated fcedstocks were shown in 

Figure 4.9. 

Table 4.7. Remaining concentration of ccllobiose and glucose and ethanol production at the 
end of SSF process. 

Cellulosic substrate Cellohiose (g U') Glucose (g U') Ethanol (g U') 

CMC 0.00 0.28 13.69± 1.43 

Alkali treated rice straw 0.00 0.39 32.48 ± 2.64 

Alkali treated sugarcane bagasse 0.00 0.46 53.95 + 2.72 
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Figure 4.10. Time course of second generation ethanol production from different ccllulosic 
substrates in shaken flask. Results are the average of triplicate and the bars indicate the 
standard error. 

For all of the cellulosic substrates, the cellobiose was completely converted into the 

glucose after 40 h of inoculation, indicating the efficiency of -glucosidase. The overall 

statistics of cellobiose consumption and ethanol production is shown in Table 4.7. Alkali 

treated sugarcane bagasse was found to be the best substrate for the SSF. Figure 4.11 showed 

the time course of cellobiosc and glucose consumption and the production of ethanol in case 

of the SSF using sugarcane bagasse. 

0 20 40 60 80 
Time (hr) 

Figure 4.10. SSF of sugarcane bagasse by the recombinant S. cerevisiae Y294 harbouring 
Puiranjiva roxburghii -glucosidase gene for second generation ethanol production in shaken 
flask. Results are the average of triplicate and the bars indicate the standard error. 
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In the current SSF process we have used commercial cellulose enzyme for the 

conversion of cellulose to ccllooligosaccharides and ccllobiose. Though this cellulose enzyme 

has significant cndo- and exo-glucanase activity but has very low 3-gIucosidase activity. This 

is the bottle neck of the whole process. Hence, it is necessary to add commercial - 

glucosidase or transform -glucosidase gene into the fermenting host. For this reason, we 

have successfully expressed a plant 0-glucosidase gene in the S. cerevisiae Y294. The result 

showed that almost all ccllobiose and glucose were consumed. The efficiency of the 

production of ethanol can be improved by employing anaerobic system, immobilizing the 

genes in the yeast cell surface and increasing the copy number ofprghl gene in the host cell. 

Prehydrolysis of cellulosic materials has generated glucose as well as cellobiosc. Ccllobiose 

was consumed during SSF process. This confirmed that 13-glucosidasc enzyme is relatively 

resistance to the presence of glucose, which is unlike for a 3-glucosidase as most of the 0-
glucosidasc enzyme is hindered by the presence of glucose [179]. The difference in glucose 

production between these three cellulosic substrates was due to the architecture of substrates 

[100, 218, 2191. Overall. the SSF result point out that, the recombinant S. cerevisiae Y294 

strain expressing the -glucosidase gene has great potential for bioethanol production from 

the natural wastes by the SSF process. 
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4.4. Conclusion 

The hydrolysis of cellulosic biomass and its effective conversion to bio-ethanol by 

using engineered microorganisms is a very potent and cost effective strategy. The hydrolysis 

of cellobiose and cellooligosaccharides to glucose by 3-glucosidasc enzyme is the key step 

towards the saccharification of cellulose. The -glucosidase enzyme relieves the feedback 

inhibition on cellobiohydrolasc and endoglucanases imposed by cellobiose. We successfully 

expressed a plant 0-glucosidase gene (PRGHI) in the S. cerevisiae Y294 and studied the 

properties of the enzyme. The optimal p1-I and temperature of the enzyme activity was found 

to be 5.0 and 65 °C respectively indicating this enzyme is a thermostable enzyme with 

• preference towards moderate acidic condition. The enzyme showed broad substrate specificity 

and able to hydrolyze cellobiose significantly. The enzyme showed resistance towards 

alcohols, suggesting the enzyme can be used in fermentation industry more efficiently. The 

recombinant S. cerevisiae Y294 harbouring prghl gene showed better growth profile, 

cellobiose consumption and ethanol production. In addition to this, complementing with 

commercial cellulose enzyme the recombinant S. cerevisiae Y294 was used in SSF 

experiment using CMC, rice straw, sugarcane bagesse as sole carbon source. Although 

different 1-glucosidase genes were used to improve the efficiency of SSF, this is the first 

report where a plant therinostable efficient f3-glucosidase gene was used for SSF process. 

Using complex cellulosic substrates significant amount of second generation ethanol was 

produced in shaken flask fermentation process. The yield of the bioethanol can be improved 

by scaling up the process for bioreactors. The study demonstrated the feasibility of using the 

[3-glucosidase gene to enhance the second generation cellulosic ethanol production. In 

addition to this the enzyme shows better activity when compared to the rPRGH 1 (produced by 

using E. co/i), although the order of substrate preferences remain same. 
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5. CHARACTERIZATION OF A HAD-FAMILY PHOSPHATASE ENZYME FROM 
STAPHYLOCOCCUS L UGDUNENS!S 

5.1. Introduction 

The haloalkanoic acid dchalogenase superfamily (I-IADSF) named after its first 

archeal enzyme member: 2-haloacid dehalogenase is of enormous size with its members 

present in all the living organisms [102]. Dehalogenases are the enzymes used for 

detoxification of the halogenated compounds. They hydrolyse the carbon-halogen bond using 

water for the nucleophilic substitution and constitute an important reservoir for detoxifying 

these halogenated pollutants from the environment. I-IADSF constitute different enzymes like 

dehalogenase, phosphatase, phosphonatase, -phosphoglucomutase and ATPases. 

Phosphatase forming the majority in 1-IADSF can vary in figure from 30 in prokaryotes to 

200-300 in the eukaryotes [3]. They help in phosphorous transfer reactions by transferring the 

phosphate group to an Asp as an active site residue. Numerous HAD superfamily 

phosphatases share the same function while their origin is from different species, however 

some members act differently [102]. 

HADSF phosphatases have a typical Rossmann fold with a central -shect. Like other 

Rossmann folds, the active site is formed by the C-terminus end residues of the central 3-

sheet. The location of the substrate binding site is also common among the enzymes having 

this Rossmann fold and is present in a loop between strand Si and the helix next to it. 

1-lowever I-IADSF has two distinct structural motifs from Rossmann fold family enzymes 

called as Squiggle and a Flap and are used for acquiring different confoniations during 

catalysis [3, 24, 153]. 

There is very less homology between the family members but still they have four 

conserved motifs with live catalytic residues which form the active site [230]. These motifs in 

the Rossmann fold form a common catalytic core and also stabilize the reaction phospho-

intermediates with the help of electrostatic interactions. I-IADSF members have a shared 

reaction mechanism with aspartate present in Motif 1 used as a nucleophile [4]. They require 

Mg2+ ion as a cofactor for its activity and forms an aspartyl-phosphate intermediate during 

the reaction. This phosphoryl group is then transferred to a water molecule resulting in the 

formation of an alcohol [153]. 

HAD superfamily members have a broad substrate specificity range due to the 

presence of an additional region called Cap domain which provides extra surface for 

interacting with the substrates. HAD members can be divided into three subfamilies based on 

the location and nature of fold of Cap domain. Subfamily 1 i.e. Cl is present between the 
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motif I and H, while subfamily II i.e. C2 is present between the motif II and III. Subfamily HI 

are called as CO as they have no cap domain. The rearrangement of the cap domain results in 

two different conformations called the open and the closed states with solvent exposure in the 

open state and exclusion in the closed state [24]. 

Staphylococcus iugdunensis, first described in 1988 by Freney et al, is 

coagulasc-negativc staphylococci. Lugdunensis species has been named after the French city, 

called Lyon where it first originated [71]. It occurs naturally as part of human skin flora but 

can cause various serious infections like osteomyclitis, septicaemia, peritonitis, arthritis and 

violent endocarditis [8, 146, 198]. Unlike other coagulase negative species, it can also cause a 

serious infection after cataract surgery called cndopthalmitis. Major infections are found on 

skin or in blood stream, soft tissues and prosthetic devices. This chapter discusses cloning, 

expression and characterization of a HAD family hydrolasc enzyme of Staphylococcus 

lugdunensis (SFIFD) and it's in silico studies to construct its three dimensional model and 

trace its evolution. Crystallization studies of SHFD were also done using the Hampton crystal 

screens series and also the manual prepared solution. SHFD belongs to subfamily IIB of 

I-IADSF and possesses phosphatase activity. 
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5.2. Materials and Methods 

5.2.1. C'heinicals and Enzymes 

Isopropyl -D- l-thiogalactopyranosidc (IPTG), Phenylmethylsulphonyl fluoride 

(PMSF), Inhibitor cocktail, Nickel NTA affinity bead and Imidazole were purchased from 

Sigma-Aldrich. Gel filtration protein marker was purchased from Biorad. dNTPs mix, 

Restriction enzymes (Nhel and Xhol), TaqDNA polymerase and Ligase were purchased from 

NEB. 

5.2.2. cloning of SHFD gene in expression vector 

SHFD gene was amplified from genomic DNA of S. lugdunensis using PCR. Gene 

specific primers flanked with restriction sites were used for the amplification primers. The 

forward primer having Nhel restriction site and the reverse primer having Xhol site were 

designed to code for 280 amino acids. The primers used are as following: 

SHFD Forward-S 'CAGCGCTAGCATTAAAGCAATATTTTTAGATATGG3' 

SHFD Reverse-S 'CGCACTCGAGTCAAAATCTATCTGCTAAATAAC-3' 

PCR condition used for the amplification were initial denaturation for 4 minutes at 94 °C, 

followed by 30 cycles as per 94 °C for 30 seconds I 58°C for 1 minute! 72 °C for 1 minute 

trailed with a final extension cycle at 72 °C for 10 minutes. PCR product was analysed on 1% 

agarose gel and sharp expected bands were purified from gel using Invitrogen gel extraction 

kit. The purified fragment and the vector, pET-28c(+) were digested with restriction enzymes 

Nhel and Xhol and digested DNA were again gel purified. Ligation was done using the 

digested gene and the vector. The ligation product was transformed into DH5 host cells and 

the positive clone was screened using plasmid DNA as a template for PCR with gene specific 

primers and also by restriction digestion. Cloning was further confirmed by sequencing using 

T7 promoter and T7 terminator as universal primers. 

5.2.3. Overexpression and purification of recoin binant SHFD 

The recombinant plasmid pET-28c(+) having SHFD insert was transformed into E. 

co/i Rosetta cells for expression of SFTFD protein in the presence of antibiotics i.e. kanamycin 

(30 jig/mI) and chioroamphenicol (35 j.tglml). In order to optimize SHFD overexpression, 

different concentrations of IPTG (0.1-1.0 mM) with different temperatures (16-37 °C) and 

different time intervals were used. Optimized overexpression condition was found to be 16 °C 

with 200 jiM IPTG. Rosetta cells harbouring pET-28c(+)-SHFD were harvested by 
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centrifuging at 5,000 rpm for 10 min at 4 'C and cell pellets were stored at -80 'C until further 

processing. 

In the course of purification of SHFD, frozen cell pellets were thawed on ice and 

resuspended in 50 mM Tris-HCI; pH 8.0 buffer having 400 mM NaCl, 10mM imidazolc and 

5% glyccrol(v/v). Lysozyrne (0.5 mg/mI), Phenylmcthylsulphonyl fluoride (0.3 mM) and 

protease inhibitor cocktail were also added after resuspension of harvested frozen cells. Cells 

were lysed on ice using sonicator with a pulse of 10 seconds on and 30 seconds off for 12 

times and lysatc was clarified by centrifuging at 14,000 rpm for 60 minutes at 4 'C and 

supernatant was loaded onto Ni-NTA column prc-cquilibratcd with the above lysis buffer. 

Protein was eluted using an imidazolc gradient of 50 mM and 250 mM and eluted fractions 

were analysed on 12% SDS-PAGE. The fractions having the pure protein were pooled 

together for dialysis against buffer containing 25 mM Tris-HCI; pH 8.0, ISO mM NaCl, 5% 

glycerol, 1 mM DTT. N-terminal His-tag on the purified SHFD protein was also removed 

along the dialysis by subjecting it to TEV proteasc digestion at 4 'C for 16 hours. Reverse Ni-

NTA chromatography was done in order to remove the uncleaved SHFD cleaved His-tags 

and the His-tagged TEV proteasc. The flow through containing the untagged SHFD was 

collected for further use. The flow through and the eluted fractions were also run on 12% SDS 

gel for confirmation of His-tag cleavage. 

5.2.4. Gel filtration chromatography 

For further purity and oligomeric state determination, the concentrated untagged 

SHFD 3mg/mI) was loaded on to the HiLoad 16/600 Superdex 200 pg size gel filtration 

column (GE Healthcarc) equilibrated with running buffer (25 mM Tris-HCI; p11 7.4, 150mM - 

NaCl, and 5% glycerol). Flow rate of 0.5 ml mm 1  was used for protein elution. Proteins were 

collected in 2 ml fraction and homogeneity of each fraction was analyzed on 12% SDS 

PAGE. Standard marker of Bio-Rad gel filtration containing bovine thyroglobulin (670 kDa), 

bovine y-globulin (158 kDa), chicken ovalbumin (44 kDa), horse myoglobin (17 kDa) and 

vitamin B12 (1.35 kDa) was applied to the column under similar conditions in order to 

generate a standard curve for determination of the accurate molecular mass of SHFD. 

5.2.5. Circular dichroism spectroscopy 

Circular dichroism (CD) study was carried out on a Chirascan Circular Dichroism 
- 

spectromemter (Applied Photophysics Ltd., Surrey K122 7PB, United Kingdom), Far-UV CD 

spectra (190-260 nrn), at 25 'C were recorded in 1 mm path length quartz cell with band width 
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of 1 nm and time per point was 0.5 s. The purified protein (4 1.tM) was buffer exchanged into 

20 mM sodium phosphate buffer (pH 7.4) for use in CD experiments. Three consecutive scans 

were collected in order to reduce the random error. The buffer baseline was subtracted from 

the protein spectra in order to obtain the final spectra. The secondary structure predictions 

were done using DICHROWEB program [152]. The results of CD measurements were 

expressed as mean residue ellipticity (MRE) in deg cm2  dmol* 

5.2.6. Kinetic studies 

Phosphatase activity of SHFD was checked using p-nitrophenyl phosphate (pNPP) as 

- substrate. All the reactions were carried out thrice and mean was taken as the data point. The 

assay mixture consisting of 15 mM MgCl2, 20 tg diluted SHFD enzyme in 50 mM Sodium 

acetate buffer (p1-I 5.0) was kept for incubation at 25 °C for 5 minutes. The substrate i.e. 10 

mM pNPP was added to initiate the reaction and after 5 minutes incubation at 25 °C, the 

reaction was terminated using 0.2 M NaOH (1 ml). The eppendorfs containing the reaction 

mixture were centrifuged and supernatant was used to measure the liberated p-nitrophenol at 

405 nm using Beckman UV-Vis spcctrophotomcter. In addition, enzymatic activity was also 

checked in the presence of EDTA (15 mM) using the same assay conditions as mentioned. 

One unit of phosphatase activity was termed as amount of SI-lFD enzyme needed to convert I 

millimole of the substrate pNPP to its product i.e. p-nitrophenol per second under the above 

mentioned experimental conditions. In order to calculate the Km and Viiax, different 

concentrations of the substrate pNPP (0 to 20 mM) were used for assay for a particular 

enzyme concentration (20 jtg diluted SHFD). 

5.2.7. Effect of temperature andpH on enzyme activity 

The optimum temperature of SI-IFD was determined by the activity on p-nitrophcnyl 

phosphate (pNPP) as substrate. The enzymatic activity was assayed by incubating the reaction 

mixtures at different temperature ranging from 10 °C to 60 °C with 5 °C increments. The 

thermostability was determined by measuring the residual activity of SHFD after incubating 

the enzyme at different temperatures (10 °C-60 °C) in 50 mM Sodium acetate buffer p11 5.0 

for lh. For optimal pH determination, SHFD was assayed in 10 mM Britton -Robinson buffer, 

with pH values ranging from 3.0 to 10.0 at 25 °C using p-Nitrophenyl phosphate (pNPP) as 

substrate. The pH stability was determined by calculating the residual enzyme activity after 

incubation at 25 °C for 1 h in suitable buffers. 
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5.2.8 Crystallization of SHFD 

SHFD crystallization experiments were performed using the sitting-drop vapor 

diffusion method with a series of crystal screens (1-lampton Research, USA). For this I tl of 

untagged SHFD protein (10 mg m1 1 ) and I tl of reservoir solution, were placed into the wells 

and mixed well as a drop without bubble formation. Further, the plates were covered with 

sticky tapes to protect from dryness, dust and microbial contamination. The crystal plates 

were placed at 4 °C and 20 °C in a vibration free chamber for crystal development and were 

checked for crystal formation at the regular intervals of 5 days using a microscope (Leica, 

Singapore). 

5.2.9. Multiple sequence alignment 

SHFD amino acid sequence retrieved from NCBI was used as a FASTA sequence for 

BLASTp homology search. Sequences showing significant similarities to SHFD hydrolase 

enzyme were aligned using ClustalW [227] taking default parameters. This alignment was 

enriched with its secondary structure using ESPript [195]. 

5.2.10. Plzylogenetic analysis 

MEGA version 6 was used to construct phylogenctic tree from the amino acid 

alignments using the Maximum Likelihood method based on the JTT matrix-based model 

[225]. The bootstrap statistical analysis (1,000 replications) was used to test the reliability of 

the branching tree. 

5.2.11 Structural modeling 

The three dimensional model of SHFD was constructed with the help ofModellcr9vl0 

program using the crystal structure of a sugar phosphate phosphatasc BT4131 from the 

bacterium Bacieroic/es thetaiorao,njcron VPI-5482 (PDB 1± IYMQ) as a template. The 

model structures were visualized by PyMol [45]. The best model was analysed on the basis of 

its stereochemistry using PROCI-IECK [140]. 
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5.3. Results and discussion 

5.3.1. Cloning of SHFD gene 

Genomic DNA of S. Iugdunensis has been used for the amplification of SHFD gene 

using gene specific forward and reverse primers. PCR product of 840 bp encoding 280 amino 

acids was obtained as shown below in figure 5.1 A. SHFD gene was cloned in pET-28c(+) 

with the help of sticky end ligation created by restriction digestion. The colonies obtained 

through antibiotic resistance were screened with the help of PCR and restriction digestion. 

Both PCR and restriction digestion show the presence of an appropriate band at 840 bp as 

shown in figure 5.2 B. 

A LI L2 B LI L2 L3 

—* 1500bp 

1500 b 

-, 500bp 
500bi 

—* 100bp bOb1 

Figure 5.1. (A) PCR amplification of SHFD from the genomic DNA of Staphylococcus 
luga'unensis. LI, DNA amplification product; L2, 100 bp molecular weight marker (B) 
Cloning of SI-IFD. Li, 100 bp molecular weight marker; L2, PCR amplification of the one of 
the positive clone; L3, Nhel and Xhol digestion of the same positive clone. 

5,3.2. Purification of SHFD 

A --34 kDa protein was expressed in Rosetta E.coli strain and purified using Nickel-

NTA column. Cells were lysed by sonicator and the protein was found to be in the soluble 

fraction after centrifugation. The supernatant with the protein was loaded onto pre-

equilibrated nickel affinity column and was purified using 50 mM and 250 mM imidazolc 

gradient. The purified protein was analysed on 12% SDS which further confinns its molecular 

weight i.e. —34 kDa as shown in figure 5.4. There are several reports that HADSF 

phosphatase members like BT2127, BT4131. AraL possess similar molecular masses [78. 
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102. 154]. His-tagged SFIFI) was also subjected to reverse nickel chromatography to get the 

untagged SHFD which is used for assay and crystallization experiments. 

Li L2 L3 L4 L5 16 L7 L8 

97kDa4— 
- 

661-.Da .E— 
 

43kDa *— F 
, 

•' " : 

29kDa~_ .. - 

Figure 5.2. SDS-PAGE (12% w/v) analysis of SHFD affinity purification. Li, molecular 
weight marker; L2, flowthrough; L3, supernatant; L4 and L5, wash; 1-6; L7 and L8, purified 
SIIFD111  (-34kDa). 

5.3.3. Gel filtration chromatography 

Gel filtration chromatography was further done in order to get the pure untagged 

SHFD protein and to determine the oligomeric property of SHFD. Untagged SHFD on 

loading to the column eiutcd as a single peak with the elution volume of 87 ml (Figure 5.4.). 
This peak corresponds to a molecular mass of —32 kDa as per the standards used for 

calibration. It also further corroborates that SHFD exists as a monomeric protein in solution 

State whcli is similar to B. Ihetaiotao,nicron VPI-5482 BT4 13 1 and B. thetaiotao,njcron 
BT1666. Both of them are monomeric proteins of --30 kDa as confirmed by gel filtration 

studies [153, 154]. 
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Figure 5.3. Gel filtration chromatogram showing the elution profile of SHFD on FPLC gel 
filtration column (IliLoad 16/60 Superdex 200). 

5.3.4. Circular Dichroism study 

Far-UV CD spectrum in the range of I 90-240nm was used to determine the secondary 

structure content of SHFD in 20mM phosphate buffer (p1-I 7.4). Exploration of CD data 

showed that SHFD is an alt3 protein with 37% a helix and 23% t3 sheets. These results are 

consistent with the already reported HAD family hydrolase crystal structures [153, 154, 2461. 
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Figure 5.4. Far-U VCD spectrum (190-240 nm) of purified SHFD in 20mM sodium phosphate 
buffer (p11 7.4). The SHFD spectrum shows characteristics of an at3 protein. 
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5.3.5. Kinetic studies using pNPP as the substrate - 

The phosphatase activity of SHFD was measured using pNPP as the substrate. All the 

reactions were done in triplicate to avoid any error and further average was taken for 

perfection. SHFD follows Michaclis-Menten kinetics for hydrolysing its substrate pNPP at 

different concentrations. The Km  and Vmax  values for hydrolysing the pNPP by SHFD was 

found using 0 to 10 mM concentrations of pNPP from Lineweaver-Burk plot. The values 

obtained for K, and are 0.32 mM and 0.36 U/mg respectively. The k 8, for pNPP was 

found to be 21.43 ± 0.85s' and the kat/K,  value is 66.96 mM's" The kinetics parameters 

showed that it is a very active enzyme which can hydrolyze the phosphate linked bond 

efficiently. This enzyme is much faster than already reported phosphatises. The K, and kcat 

for pNPP in AraL phosphatase are 50.00 ± 23.32 rriM and 0.0 12 ± 0.0006 s. The kcat/K, of 

AraL towards pNPP is 0.24 s 1 M [78]. In addition, it was seen that magnesium ion is 

essential for SFIFD phosphatase activity as addition of EDTA, a chelator for Mg2 ' ion did not 

permit the phosphatase activity as also seen in case of AraL [78]. 

5.3.6. Effect ofp!1 on enzyme activity 

High intensities of the phosphatase activities were found in the pH range of 4.0 to 6.0. 

At pH 3.5 and 6.5 the enzyme retains 20% of its activity. The enzyme activity increases from 

p11 3 to 5 with peak activity at p11 5.0 and it decreases beyond p1-I 5.0 at 25 °C. The enzyme 

lost its activity in the pH range of 7.0 to 10.0. SI-IFD can also be called as an acid phosphatase 

due to its maximal activity at pH 5.0 i.e. in the acidic range like the acid phosphatase from 

Vignaradiate (mung bean) seeds [221]. This optimal p1-I has also been similar to the earlier 

isolated three acid phosphatases from Wheat Germ. These three isoenzymes have p1-I optima 

as 5.5, 4.5 and 4.0 [240]. 1-lowever, it is in contrast to the neutral phosphatase AraL from B. 

subtilis which has optimum activity at pT-I 7.0 [78]. The p1-I stability study shows that this 

enzyme is relatively stable in the pH range of 4.0 to 9.0. 
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Figure 5.5. Optimal pH (solid circles) and p1-I stability (open circles) of purificd SHFD. The 
relative activities of the enzyme against PNPP are expressed as percentage normalized to the 
sample with the highest activity in each test. Results are the average of triplicate and the bars 
indicate the standard error. 

5.3.7. Effect of temperature on enzyme activity 

Enzyme activity was noted at different temperatures ranging from 10-60 °C in Sodium 

acetate buffer p1! 5.0. The enzyme was found to be active at broad range i.e. 20-40 °C. SHFD 

retains 20% residual activity at 10 °C which further increases with the temperature till 25 °C 

and thereafter, the enzyme activity decreased continuously and abolishes almost completely at 

55 °C. The optimal temperature for enzyme activity was found to be 25 °C at p1-1  5.0. 

However, this result is in contrast to the AraL neutral phosphatase where no activity is 

detected at 25 °C. AraL and the mung bean acid phosphatase have significantly higher 

temperature optima than SHFD and are thus considered as thermolabile enzyme [78, 221]. 

Result clearly shows it is relatively more active in low temperatures which make it a novel 

acid phosphatase. Thermostability assay showed that at lower temperature the enzyme is 

stable. 
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Figure 5.6. The effect of temperature on the purified SHFD activity (solid circles) and 
stability (open circles). Results are the avcragc of triplicate and the bars indicate the standard 
error. For stability assay, the purified enzymes were incubated at different temperatures at p1-I 
5.0 for 20min and residual activity was measured. 

5.3.8. X-ray crystallography study 

To get the crystal of SHFD, a number of the Hampton series crystal screens and 

manually made buffered salts were used. The crystals of SHFD were developed by sitting 

drop method in 0.02 M calcium chloride dihydratc, 0.1 M sodium acetate trihydratc and 15% 

v/v MPD after 30 days of incubation at 4 °C (Figure 5.7). X-ray diffraction was not successful 

due to the problem in indexing. The crystallization process to get good quality diffractablc 

crystals of the SHFD is still in progress. 

Figure 5.7. Single crystal of SHFD. 

5.3.9. Homology search using N(BJ 

Amino acid sequence similarity search was carried out using NCBI BLASTp. BLAST 

results showed that protein belong to the HAD-like superfamily i.e. Flaloacid dchalogcnasc- 
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like superfamily. SHFD showed signilicant similarity to the HAD subclass II sugar 

phosphatasc Bt4l 31 from Bacieriodes IheIaioIaoinicron VPI-5482. HAD-like phosphatasc 

Yida from Escherichia co/i. Haloacid Dehalogcnase-Like !-lvdrolase from K/cbs ic/Ia 

pneumonia and Bacillus subti/is. hydrolase from Laciohacillus brevis. It showed 28%a 

identity with HAD subclass II sugar phosphatase Bt4 13 1 from B. thetaiotao,nicron VPI-5482. 

291/o with Yida from E. co/i, 24% with Haloacid Dehalogenase-Like Ilydrolase from K. 

pneumonIa. 22% with 1-laloacid Dehalogcnase-Like hydrolasc from B.s ubti/is and 25% with 

hydrolase from L. brevis. 
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Figure 5.8. Homology search done against Protein Data Bank using NCBI BLASTp. 

5.3.10. Multiple sequence alignment 

Muti plc sequence alignment (M SA) with homologous HAD family phosphatases and 

hydrolases show significant similarities and differences. SI-IFD possess the four conserved 

loops containing the four motifs of HAD superfamily. These motifs have certain signature 

sequences which are boxed in figure 5.9. The conserved catalytic residues in SHFD are 

aspartatel 0 and asparlate 12 in loop 1, threonine43, arginine45 in loop 11. 1ys1ne2 10 in loop Ill 

and aspartatc233, asparaginc 236 and aspartatc237 in loop IV. It is proposed that AsplO will 

act as a nucleophihic residue resulting in the formation of an aspartyl-phosphate intermediate 

- while the second Asp i.e. Aspl2 acts as an acid/base catalytic residue positioned by 1001)  II 

residue Arg45 as seen in case of B. thetaiolaomnicran VPI-5482 [ I 3]. Thr43 is said to help in 

binding the phosphoryl group whereas Lys2 10 helps in orienting the Asp for nucleophihic 
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attack as well as for shielding the charge on the negatively charged phosphate moiety. The 

motif IV conserved residues helps in the binding the cofactor metal ion necessary for the 

SHFD activity. Thus these four loops present in the core domain are conserved in the I-IADSF 

and are responsible for orientation, binding and activation of the phosphate moiety for 

transfer. The core domain also prepares the nucleophile for attack on phosphoryl moiety. 
Motif I 

Staphylococcus ----------------- MDIIKAIF DMDGT4LH-EDNTASGYTKEVIDQLRAKGYKVFL 42 

Bacteroides ------------------- MTKALF DIDGTIIVSFETHRIPSSTIEALEAAHAKGLKIFI 41 
Escherichia ----------------MSLAIKLTh DMDGTIILL-PDHTISPAVKNAIAAARARGVNVVL 43 
Klebsiella XGSDKIF!HHHHHENLYFQGXYOWA DLDGTILS- PDHFLTPYAKETLKLLTARGINFVF 59 
Bacillus -----------------SNAXKLIA DLDGTIILN-SKHQVSLENENALRQAQRDGIEVVV 42 
Lactobacillus ----------------XSLTIKLIA_flTfl(TTILN-E}ELAQATIDAVQAAKAQGIKWL 43 

* 
\/JQjjf II 

Staphylococcus ?jSYAEINQLVPKG- - FTVDG- - - - I ISSNGTSGEVKA- -HNIFRHSLTQEAVNKIVQ 94 

Bacteroides G KAIINNLSELQDRNLIDG  ---- YITMNGAYCFVGE- -EVIYKSAIPQEEVKAMAA 95 
Escherichia G YAGVHNYLKE ---LHMEQPGDYCITYNGALVQKP.ADGSTVQTALSYDDYRFLEK 100 
Klebsiella G YIDVGQIRDN  --- LGIRS  --- YXITSNGARVHDSD-GQQIFABI4LDRDIIADLFE 112 
Bacillus G HFDVXSIFEP  --- LGIKT  --- WVISANGAVIHDPE-GRLYHHETIDKKRAYDILS 95 
Lactobacillus TG LTGVQPYLDA - --XDIDGDDQYAITFNGSVAQTIS-GKVLTNHSLTYEDYIDLEA 99 

Staphylococcus LAQQQHIYYEVFPFEGQRLALQQDESWMRGMVREEEPQ-NNVGISEWRSRKDALKGKINW 153 

Bacteroides FCEKKGVP ---------------------  CIFVEEHNI-SVCQPNEt4VKKIFYDFLHVNV 133 
Escherichia LSREVGSHFHALDR  -------------- TTLYTANRDI-SYYTV}iES-FVATIPLVFCEA 144 
Klebsiella IVRNDPKIVTN------------------- VYREDEWYXNRHRPEEXRFFKEAVFNYKLY 153 

Bacillus NLESENYYYEVFTG  -------------- SAIYTPQNGR-ELLDVELDRFRSANPEADLSV 140 
Lactobacillus WARKVRAHFQIETP --------------DYIYTANKDI-SAYTIAES-YLVRXLIQYREV 143 

Staphylococcus VKTLPETSYSKIYLFTTDLAQITQFRQSLIDQQLS ----------------------LNI 191 
Bacteroides IPTVSFEEASNKE-VIQMTPFITEEEEKEVLPSIP-----------------------TC 169 
Escherichia EKMDPNTQFLKV--MMIDEPAILDQAIARIPQEVK ---------------------- EKY 180 

Klebsiella EPGELDPQGISKVFFTCEDHEHLLPLEQAXNARWG----------------------DRV 191 
Bacillus LKQAAEVQYSQS -GFAYINSFQELFEADEPIDFYNILGFSFFKEKLEAGWKRYEHAEDL 198 

Lactobacillus SETPRDLTISKA--XFVDYPQVIEQVKANXPQDFK----------------------DRF 179 

Motif III Motif IV 
Staphylococcus SVSNSSRFNAETMAYG\fSGIAEMIAHFGIQQQETLV DSDN FKYGHVTVAMK 251 

Bacteroides EIGRWYPAFADVTAKGE1rK1KGIDEIIRHFGIKLEETMS DGGN SMLRHAAIGVAMG 229 

Escherichia TVLKSAPYFLEILDKR*K(ITGVKSLADVLGIKPEEIMA DQEN ANIEYAGVGVAVD 240 
Klebsiella NVSFSTLTCLEVXAGGKJ1-ALEAVAKXLGYTLSDCIA DGXN EXLSXAGKGCIX. 251 

Bacillus TLVSSAEHNFELSSRKASK( QALKRLAKQLNIPLEETAA%GDSLNEKSXLEAAGKGVAXG 258 

Lactobacillus SVVQSAPYFIEVXNRR.XGTLSELVDQLGLTADDVXT TXIKYAGLGVAXG 239 

Staphylococcus NARPEIKDLTDDVTVYD-NEEDGAARYLPDRFL ----------- 283 

Bacteroides QAKEDVKAAADYVTAP--IDEDGJSKAMKHFGII ----------261 
Escherichia NAIPSVKEVANFVTKS- -NLEDGVAFAIEKYVLNEGGSHHHHHH 282 

Klebsiella NAHQRLKDLHPELEVIGSNADD1VPRYLRKLYLD ---------- 285 

Bacillus NAREDIKSIADAVTLT--NDEHGVHXXKHLL ------------ 288 
Lactobacillus NAIDEVKEAAQAVTLT- -NAENGVAAAIRKYALNEG- -HHH!-IHH 279 

.* .* . 

Figure 5.9. Multiple sequence alignment of SHFD with HAD superfamily members. Four 
motifs (I. II, III. IV) present in the core domain are boxed along with the catalytic conserved 
residues highl ighted in yellow colour. 
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5.3.11. Secondari' structure analysis 

Secondary structure of SHFD was predicted using ESPript server as seen in Figure 

5.10. SHFD contains 37% a-hclices. 23% -strandcd sheets and 36% coil region. SI-IFD is all  

a/3 protein with 10 a-helices and 13 0-shcets which further corroborates with the CD results. 
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Figure 5.10. Showing secondary structure analysis by ESPript. u-heliccs are represented as 
squiggles while -shect are represente(1 as arrows, TT represents n-turn. 

5.3.12. Phylogenetic analysis 

Phylogenetic analysis of SHFD along with the other HAD family hydrolases and 

phosphatases was done using MEGA6 server to trace their evolutionary among them. 

Phylogenctic tree dissected them into two major groups which have a common ancestral 

evolution. SHFD was found to cluster closely with the sugar phosphatase Bt4131 from B. 

0 
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tIietaiotaain,civ#zP/-5482 (Figure 5.11). However, Haloacid Dehalogenase-Like Hydrolase 

from K. pneuino/lia and B.. ubtilis form a distinct group. 

70 Staphylococcus lugdunensis HKU09-01 

44 - Bacteroides thetaiotaomicron VPI-5482 

Escherichia coil 

36 1 Lactobacillus brevis 

Klebsiella pneumoniae subsp pneumoniae Mgh 78578 

Bacillus subtilis 

0.2 

Figure 5.11. Phylogenetic tree of SHFD and other related sequences was constructed by the 
maximum likelihood method using MEGAÔ. The numbers overhead and under the branches 
are determined by bootstrap analysis to point out the confidence levels of the relationship 
among these paired sequences. The tree is drawn to scale, with branch lengths being measured 
in the number of substitutions per site. 

5.3.13. Three dune,isio,zal model and its verification 

The three dimensional model of SHFD was constructed using crystal structure of a 

sugar phosphate phosphatase BT4 1 3 1 from the bacterium Bacteroicles theiaiotao,nicron VP!-

5482 (PDB Id: IYMQ) as a template by Modcller9.14. Out of 10 models. the best model was 

preferred using PROCHECK program of SAVES. The predicted model consists of 10 u-

helices and 13 P-sheets.  Like other l-IADSF members, the SHFD protein is composed of two 

domains i.e. a bigger and a smaller domain. The bigger domain represents the conserved core 

region comprising four loops that surrounds the active site. It is having a modified Rossmann 

fold with six stranded n-sheets surrounded by six a-helices. The smaller domain covers the 

active site and is linked to this core domain with the help of two additional n-sheets. This 

smaller domain also called as the Cap domain is responsible for the substrate specificity of 

HAD family. The Cap domain is a mixed af3 domain with u3 (aJ3a13)  a3f topology which is 

also seen in subfamily 11E3 of FIADSF. Thus SHFD can be classified as a subfamily LIB 

phosphatase. 
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Figure 5.12. Three dimensional model of SHFD. The catalytic key residues are shown in red 
sticks. 
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5.4. Conclusion 

SlIFD tI-om Stapin'Iococczis lugcliinensis belongs to a Haloacid dehalogenase 

superthmily. SlIFD gene with —840 bp has been cloned and ovcrexpressed in E. co/i. The 

enzyme with a molecular mass of-32 kDa has been purified using N12  °-NTA affinity and gel 

filtration chromatography. Sl-IFD shows phosphatase activity with an ol)ttmum  temperature of 

25.0 °C. Sl-IFD is an acid phosphatase with an optimum pH of 5.0. The kinetic parameters 

(Km= 0.32mM. V,, = 0.36 U/mg, kat = 21.43 ± 0.85 and kCU(/Kl= 66.96 mM's) indicate 

that it is a very efficient enzyme. SI-IFD is a mixed u/P protein as predicted by the ESPript and 

CD spectrum. Multiple sequence alignment shows the conservation of nucleophilic Asp 10, 

acid/base catalyst Asp 12. phosphate binding Ser43, and many other catalytic residues like 

Arg45, Lys210, Asp233. Asn236 and Asp237. SHFD is a two domain protein, with a larger 

core domain comprising four conserved loops sulTounding the active site. The core domain - 

also has a modified Rossmann fold with six stranded Is-sheets surrounded by six a-helices. It 

is responsible for binding, reorienting of the phosphate group along with the co-factor Mg2  

and also in preparing the AsplO for the nucleophilic attack. The smaller Cap domain has a 

u 1313(uf3 u fi )(t lip topology which further classitics it as an subfamily llB phosphatase. 
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CONCLUSIONS 

CLONING, EXPRESSION, CHARACTERIZATION AND BIOINFORMATIC 
STUDIES OF PUTRANJIVA ROXBURGHII FAMILY I GLYCOSYL HYDROLASE 
(PRGH 1) 

• A 66 kDa native protein, with -fucosidase, 3-glucosidase, and j3-galactosidase 

activities, was purified and characterized from seeds of Puiranjiva roxburghii. The 3-

lucosidasc activity of PRGH I was found to be one of the highest among related plant 

3-glucosidase enzymes. 

• The Puiranjiva roxburghii 3-glucosidase gene was cloned and submitted to NCBI 

with the accession no. AHN8564. 

• The 3-glucosidase (PRGI-Il) enzyme was expressed in prokaryotic system and purified 

to homogeneity by employing Ni-NTA affinity chromatography. 

• Oligomerization study showed that at higher concentration this enzyme forms a 

mixture of different oligomers with molecular weight similar to the decameric mass of 

the enzyme. 

• This enzyme shows activity towards aryl as well as glucooligosaceharides and natural 

13-D-G lycosides. 

• The p11 optima values of both the native and recombinant enzymes towards 1-

fucosidase and 3-glucosidase activity was found to be 4.6 whereas the p1-I optima for 

3-galactosidase activity was found to be 4.4. 

• The optimum temperature was found to be 65 °C and the thcrmostability studies 

showed that recombinant protein was more susceptible to higher temperature than 

native protein. 

• Mixed substrate kinetics proved that all the three pNP substrates were catalyzed in a 

single active site. 

• Mutational studies showed that Glu173 and Glu389 were catalytic acid/base and 

catalytic nucleophile respectively. 

• Bioinformatic studies revealed that the presence of various salt bridges and a 

conserved disulphide bond makes it an extremely thermostable enzyme. 

• Multiple sequence alignment shows the conservation of glyconc binding residues in 

PRGHI. 

• The active site of PRGH1 is unique in having a restriction in the active site due to the 

longer side chains of Met361 and Argl 80 being present close together at the entrance 
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of the active site which might be responsible for the distinct substrate specificity of - 

PRGHI and also its decreased affinity towards longer oligosaccharides. 

. Bioinformatic studies revealed the cause substrate preferences of PRGHI towards 

pNP substrates. 

. Bioinformatic studies proposed that PRGHI might be evolving evolutionary from an 

0-glycosidase towards an S-glycosidase for the plant defence mechanism against the 

toxic products absorbed by the plants and also generated during mastication. 

. PRGI-Tl can be utilized for different valuable applications in the development of new 

hiofuel feed stock, processing of cellulose and lactose containing byproducts in food 

industry, agriculture, beverages and in medicinal industry as an enzyme additives. 

ROLE OF N-LINKED GLYCOSYLATION ON THE STABILITY AND ACTIVITY 
OF PRGH1 ENZYME 

. Glycosylation, one of the most complex and common PTM, is of immense interest for 

its role in many biological functions such as cell signaling, molecular recognition, and 

immune defence. 

Dcglycosylated PRGHI was produced by using PNGase F enzyme and sugar was 

estimated by using phenol-sulphuric acid method. 

. Deglycosylation decreases the overall activity of the native PRGHI enzyme. 

• Glycosylation contributes to the stability of the native protein making it more 

resistance to different denaturants i.e. temperature, pH and alcohols. - 

• Proteolysis study along with the spectral studies suggests that the structure of native 

glycosylated PRGI-Il is quite compact and rigid than the deglycosylated counterpart. 

• Mutagenesis studied showed that out of seven potential glycosylation sites, three sites 

were glycosylated and in silico studies predicts that all the glycosylation sites were 

present at the surface of the enzyme. 

• Bioinformatic studies reveled that glycosylation do not interfere with the active site 

residues of PRGHI. 

• Overall, our results suggest that, N-linked glycosylation is not essential for t-

glucosidase enzyme activity but it is important for stability of the enzyme for the 

optimal activity. 
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CLONING, EXPRESSION, PURIFICATION OF PRGH1 ENZYME BY USING 
YEAST SYSTEM AND ITS APPLICATION FOR BIOETHANOL PRODUCTION 

• The hydrolysis of cellulosic biomass and its effective conversion to bio-ethanol by 

using engineered microorganisms is a very potent and cost effective strategy. 

• The prghl gene was cloned in yXYNSEC vector under the transcriptional control of 

PGK1 promoter and terminator for constitutive expression. 

• To ensure autoselection of the URA3-bearing yXYNSEC-PRGHI plasmid in non-

selective medium, disruption of the uracil phosphoribosyltransferase (FUR!) gene in 

the S. cerevisiae Y294 transformants was performed by using pDF 1 plasmid. 

• Recombinant PRGH1 was overexpressed in S. cerevisiae Y294, purified and 

biochemically characterized. 

• The optimal pH and temperature of the enzyme activity was found to be 5.0 and 65 °C 

respectively indicating this enzyme is a thermostable enzyme with preference towards 

moderate acidic condition. 

• The enzyme showed broad substrate specificity and able to hydrolyze cellobiose 

significantly. 

• The enzyme showed resistance towards alcohols, suggesting the enzyme can be used 

in fermentation industry more efficiently. 

• inhibitors like N-bromosuccinamidc and -gluconolactone inhibits the activity of the 

PRGI-Il enzyme. 

• The recombinant S. cerevisiae Y294 harbouring prghl gene showed better growth 

profile, cellobiose consumption and ethanol production than the native S. cerevisiae 

Y294, when cellobiose was used as sole carbon source. The highest ethanol 

production was 4.05 g/L for recombinant S. cerevisiae Y294 culture, which was 2.9 

fold higher than the native S. cerevisiae Y294. 

• Complementing with commercial cellulose enzyme, the recombinant S. cerevisiae 

Y294 was used in SSF experiments using CMC, rice straw, sugarcanc bagesse as 

carbon source. Sugarcane bagesse was the best substrate for SSF as the pre-treatment 

and hydrolysis process synergistically produced more fermentable sugars and 

subsequently more production of ethanol. 

132 



Conclusions 

CHARACTERIZATION OF A HAD-FAMILY PHOSPHATASE ENZYME FROM 
STAPHYLOCOCCUS LUGDUNENSIS 

• SHFD gene having —840 bp has been cloned, overexpressed in E. co/i. 

• The enzyme with a molecular mass of —32 kDa has been purified using Ni2 -NTA 

affinity and gel filtration chromatography and biochemically characterized. 

• SHFD shows phosphatase activity with an optimum temperature of 25.0°C and an 

optimum pH of 5.0. 

• SHFD is a Mg2  dependant enzyme having kinetic parameters (Km= 0.32niM, Vmax  = 

0.36U/mg, kcat  = 21.43 ± 0.85 s_ I  and kcat/Km  = 66.96 mM 1 s 1 ) indicate that it is a very 
efficient enzyme. 

• SHFD is a mixed a/13  protein as predicted by the ESPript and CD spectrum. 

• Multiple sequence alignment shows the conservation of nucleophilic Asp 10, acid/base 

catalyst Aspl2, phosphate binding Ser43, and many other catalytic residues like 

Arg45, Lys2I0, Asp233, Asn236 and Asp237. 

• SHFD is a two domain protein, with a larger core domain comprising four conserved 

loops surrounding the active site. 

• The core domain also has a modified Rossmann fold with six stranded n-sheets 

surrounded by six a-helices. 
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