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Abstract 

Acute Lymphoblastic Leukemia (ALL) is one of the usual cancers in 

children below ten years. ALL is characterized by the production of many 

immature lymphoblasts in the bone marrow. The treatment of ALL 

majorly includes chemotherapy. Chemotherapeutic treatment is a phased 

process and involves many drugs, mainly given in concoction with the 

drug Asparaginase (ASNase). ASNase works by depleting the serum 

asparagine required by blast cells to form proteins. ASNase-based 

therapies have shown promising effects in the treatment of ALL. 

However, the current ASNase enzyme used for the treatment of ALL is 

of bacterial origin. Owing to its bacterial origin, it has many side effects, 

including hypersensitivity, pancreatitis, hyperglycemia, 

thromboembolism, etc. Also, the ASNase enzyme has a presence of 

secondary glutaminase activity. Due to glutaminase activity, there are 

several ill effects, including hepatotoxicity and neurotoxicity. There is a 

significant drawback of the ASNase therapy. The silent inactivation of 

ASNase is due to the formation of anti-drug antibodies. These ill effects 

were counter-managed by forming a novel mutant asparaginase drug-

using protein engineering approaches. This novel mutant has shown 

better outcomes in terms of stability and lesser toxicity. However, the 

mutant drug is susceptible to the serum proteases such as endopeptidase 

and cathepsin. This causes a reduction in the half-life of the mutant drug 

due to proteolytic degradation. To enhance the pharmacokinetic 

properties of this drug, further chemical modification using Methoxy-

Poly-ethylene glycol N-Hydroxysuccinimide esters (mPEG-NHS) is 

performed. Random chemical modification using mPEG-NHS was 

performed with the mutant ASNase. Chemical modification maintains the 

stealth effect and reduces the number of infusions by increasing the 

enzyme's half-life. Chemically modified ASNase has been tested for its 

stability, activity, and other parameters. It is also hypothesized that there 

will be lesser proteolytic degradation of these chemically modified 
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ASNase. The chemically modified ASNase is a subject of testing anti-

leukemic activities in-vitro and in-vivo leukemic animal models. We are 

incredibly hopeful for producing an indigenous chemically modified 

ASNase that can be a better potential candidate for the treatment of ALL. 
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1. Chapter 1 
 

1.1. Introduction 

 

1.1.1 Leukemia 

Leukemia is a malignant disorder of blood and bone marrow. It is 

an uncontrolled growth of leucocytes (Figure 1.1) in bone marrow or 

lymph nodes [1]. It is divided into different types based on the 

development of the cells. The primary classification of leukemia is acute 

versus chronic [2]. In acute leukemia, the abnormal blood cells known as 

blasts remain immature, and as a result, they cannot carry out their 

normal function [3]. In acute leukemia, blast cells rapidly increase in 

number, thereby worsening the disease [4]. On the contrary, in chronic 

leukemia, blast cells are somewhat mature and can carry out certain 

functions [5], [6]. Also, in chronic leukemia, there is a slow increase in 

the number of blast cells; therefore, the disease progresses less rapidly 

than acute leukemia [5].  

 

Figure 1.1: Difference in morphology in normal blood cells and leukemic cells  
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In general, overcrowding of immature white blood cells interferes 

with the process of hematopoiesis, resulting in a decrease in normal and 

healthy blood cells. Consequently, the body suffers from a lack of oxygen 

supply due to a depleted number of red blood cells [2]. The symptoms of 

leukemia include persistent fatigue, frequent or severe infections, fever or 

chills, weakness, swollen lymph nodes, easy bleeding or bruising, 

enlarged liver or spleen, weight loss, etc. [7].  

Leukemia is one of the most dreaded diseases in the world. 

According to the reports published by the World health organization and 

GLOBOCAN, there was an increase in 4,74,519 cases of leukemia 

worldwide in 2020 (Figure 1.2). The mortality rate of leukemia is 

significantly high. About 3,11,594 people lost their lives to this deadly 

disease in 2020 only. Leukemia accounts for 30% of all cancer occurring 

in the world. The relative survival rate for this disease is about 70% 

because many people die from leukemia every year worldwide. The 

maximum number of leukemic cases arises in Asia (48.6%), followed by 

Europe (21.1%) and other countries [8]. India accounts for up to 68.5% 

of all the leukemia cases reported in South-central Asia [8]. It has been 

estimated that a total of 48,419 cases of leukemia will be notified in India 

in 2020 (Figure 1.3).  

There are four significant types of leukemia which include acute 

lymphoblastic leukemia (ALL), acute myelogenous leukemia (AML), 

chronic lymphoblastic leukemia (CLL), chronic myelogenous leukemia 

(CML) [9]. Acute lymphoblastic leukemia is found in lymphoid cells, and 

it proliferates quickly. The incidence of acute lymphoblastic leukemia is 

prevalent in children mainly. Acute myelogenous leukemia is found in 

myeloid cells and is fast growing in nature. It is common in both adults 
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Figure 1.2: Incidences of Leukemia worldwide 

 

Figure 1.3: Estimated number of new cases of Leukemia in South central Asia 
[8] 

and children [10]. Chronic lymphoblastic leukemia is slow-growing 

leukemia found in lymphoid cells. It is more common in the adult 

population exceeding 55 years. Chronic myeloid leukemia is also found 

in myeloid cells and grows slowly. It is common in adults [11]. 
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Table 1.1: Characteristics of different types of leukemia 

Leukemia 

type 

Cellular 

Image 

Cells 

involved 

Clinical 

presentation 

CBC 

Results 

Demogr

aphics 
References 

Acute 

Lymphocytic 

Leukemia 

(ALL) 

 

Immature 

B or T 

cells 

(marrow 

cells) 

Bone pain, 

CNS 

manifestation, 

depressed 

marrow 

function 

Anemia, 

thromboc

ytopenia, 

variable 

WBC’s, 

>30% 

lymphobl

asts 

Children 

 

[12] 

Chronic 

Lymphocytic 

Leukemia 

(CLL) 

 

Peripheral 

B or T 

cells 

(lymph 

nodes) 

Asymptomatic

, LAD, 

Hepatospleno

megaly 

Lymphoc

ytosis 

>5000/µl

, low 

platelets 

Most 

common 

leukemia 

in adult 

males 

[13] 

Acute 

Myelogenous 

Leukemia 

(AML) 

 

Immature 

myeloid 

lineage 

cells 

(marrow 

cells) 

Anemia, 

bleeding, 

petechiae 

Anemia, 

neutrope

nia, 

thromboc

ytopenia, 

>30% 

myelobla

st 

Adults [14] 

Chronic 

Myeloid 

Leukemia 

(CML) 

 

Pleuripote

nt 

hematopoe

tic stem 

cells 

(marrow 

cells) 

Insidious 

onset, mild 

anemic 

symptoms, 

splenomegaly, 

Leucocyt

es>200,0

00 – 

1,000,00

0, 

increased 

eosinophi

ls and 

basophils 

Ages 20-

50 years, 

Rare in 

children 

[15] 
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1.1.2 Acute Lymphoblastic Leukemia  

 

Acute lymphoblastic leukemia (ALL) is a significant proliferation 

of lymphoid cells (blasts) blocked at an early stage of their 

differentiation. These blasts can invade the bone marrow, blood, and 

extramedullary sites [16]. ALL is believed to occur due to various genetic 

lesions in hematopoietic progenitor cells committed to differentiate into 

T-cells or B-cells. The ALL is further divided into T-cell and B-cell ALL, 

depending on the cell- lineage. Chromosomal translocation is the most 

common type of chromosomal aberration found in ALL. B-cell ALL is 

found to be associated with t(12;21) (p13;q22) chromosomal 

translocation [17], while T-cell ALL results from the reciprocal 

translocation, which disrupts specific developmental genes. The 

rearrangement of the loci containing T-cell receptor (TCR) genes, most 

commonly TCRa (14q11.2) and TCRb (7q35), is quite frequent in T-cell 

ALL [18]. A blast count of >25% indicates ALL. In 2018, it was 

observed that around 103,536 people were living with acute lymphocytic 

leukemia in the United States [19]. It was also estimated that ALL 

comprises 60-80% of all leukemia occurring in India. ALL shows poor 

prognostic factors. It is common in children but can also affect 

adolescents and adults. It is prevalent in the male sex and characterized 

by high white blood cells (WBC) count of >50 x 109/liters. The relative 

survival rate for this disease is 70% from 2011-to 17. ALL accounts for 

up to 80% of all pediatric hematopoietic malignancies [16]. 

There is a sharp incidence peak of ALL cases in early childhood. 

It is also observed that there is also a sudden increase in the cases of ALL 

in the later stage of life, from 70-85 years of age. The clinical symptoms 

include cytopenia, fever, fatigue, bone pain, pallor, etc. [20].  Physicians 

use some clinical features to assess the risk stratification of ALL. 

According to the biological characteristics, ALL patients have been put 

under various categories, including standard, moderate, high-risk, and 
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relapsed. The initial risk stratification methodology is based on the age 

and WBC count of the patient. Depending on these factors, the children 

in the age group of 1 year to 9.99 years and having a WBC count 

<50,000/µl are regarded as standard-risk patients [21]. These patients 

have a good survival outcome.  The patients aged>35 years and with an 

elevated WBC count fall under a moderate risk category. While patients 

>35 years with a WBC count >50,000/µl are put in the high-risk 

category. These patients have suffered from remissions after the 

treatment. 

  Among those who are successfully treated for ALL, about 20-

30% of the patients suffer from relapsed ALL [22], [23]. The relapse is 

conditional and can be sighted at bone-marrow or some extramedullary 

sites [24]. The leading cause of failure of the treatment of ALL is due to 

the relapse of ALL. Bone marrow transplantation is a better form of 

treatment for the relapsed ALL than conventional chemotherapies [22]. 

But finding a suitable allogenic donor remains a problem worldwide.  

ALL was further divided into three different subtypes according 

to French-American-British (FAB) groups [25]. These include L1, L2, 

and L3 types of acute lymphoblastic leukemia [26]. A homogeneous 

structure characterizes L1 type leukemia, and it accounts for up to 80% of 

the cases in children and 25-30% in adults. L2 type has a varied nuclear 

structure, and it has the accountability of 70% of cases in adults. L3 type 

is also known as Burkitt’s Leukemia. It is a rare subtype that accounts for 

less than 1% of the total ALL cases (Table 1.2).  
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Table 1.2: FAB Classification of Acute lymphoblastic leukemia [11] 

FAB-

Type 

Cellular Image Frequency Morphology 

L1 

 

25-30% cases in 

adults, 85% in 

children 

Homogeneous blasts, regular 

nucleus, small or no nucleoli, 

scanty cytoplasm 

L2 

 

70% cases in 

adults, 14% in 

children 

Irregular nucleus, 

Heterogeneous chromatin, 

prominent nucleoli 

L3 

 

Rare subtype, 

less than 1-2% 

case 

Large blasts, prominent 

nucleoli, stippled 

homogeneous chromatin, 

abundant cytoplasm, and 

vacuolation 

 

World Health Organization (WHO) classifies ALL into other 

subtypes [26], [27]. These include Pre-B ALL, T- cell ALL, and Mature 

B cell ALL (Table 1.3). Pre-B ALL accounts for up to 75% of all the 

ALL cases, while T cell ALL and mature B cell ALL account for 20% 

and 5%, respectively. Some cytogenetic abnormalities are seen in all 

types of ALL. Pre-B ALL can be identified by medium to small-sized 

blasts with less cytoplasm. Mostly Pre-B ALL shots express CD10 and 

CD24 [28]. T cell ALL is the extensive growth of lymphoblasts of T cell 

origin. They usually express CD1, CD2, CD3, CD4, CD5, and CD7 

genetic markers [29]. Burkitt’s lymphoma is the mature B cell lymphoma 

or leukemia [21]. It usually expresses CD19, CD22, and CD7 as the 

genetic markers. 
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Table 1.3: WHO Classification of Acute lymphoblastic leukemia [21] 

Immunologic 

Subtype 

% Of 

cases 

FAB 

Subtype 

Cytogenetic abnormalities 

Pre-B ALL 75 L1, L2 +(9;22), +(4;11), +(1;19) 

T-cell ALL 20 L1, L2 14q11 or 7q34 

Mature B cell 

ALL (Burkitt’s 

leukemia) 

5 L3 +(8;14) 

 

1.1.3 Treatment of ALL 

 

Treatment majorly involves chemotherapy which extends 

for about 2-3 years [30]. This usually depends on the risk 

stratification of the patient. Treatment of ALL is a phased process. 

The phases involved in the treatment are induction, consolidation, 

and maintenance [20], [21]. These days a new phase of treatment 

called delayed intensification or reinduction has been introduced, 

given to ALL patients under the high-risk category. Several 

chemotherapeutic drugs like vincristine (Vcr), pegaspargase, 

methotrexate (Mtx), Capizzi, 6-mercaptopurine (6MP), 

cyclophosphamide, cytarabine, doxorubicin (Dox) are given in 

concoction with steroids at different phases [20]. The 

maintenance phase is unique in the treatment of ALL due to the 

supply of drugs like methotrexate and 6-mercaptopurine.  Central 

nervous system (CNS) prophylaxis is observed in high-risk 

patients where blasts cross the blood-brain barrier and can 

generate tumors in the brain [31]. Induction therapy is used to 

restore average blood cell production. Asparaginase, vincristine, 
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and steroids are given to the patient in the induction phase. About 

95% of the patients exhibit remission after the induction phase of 

treatment. The induction phase stretches up to 3-4 weeks. The 

consolidation phase involves using cytotoxic drugs like 

methotrexate at high doses to remove the residual leukemic cells. 

Maintenance therapies are the last phase of chemotherapeutic 

treatment [32]. This involves the administration of 6-

mercaptopurine and methotrexate for a period of 1-2 years. 

 

Figure 1.4: Phases of Therapy in Pediatric Acute Lymphoblastic 

Leukemia 

Asparaginase (ASNase) is one of the essential drugs in the 

treatment of ALL. Administration with ASNase showed 

promising results and better efficacy ASNase is one of the most 

widely studied drugs by researchers worldwide. Lang first 

observed ASNase in 1904 [33]. Later, Broome 1961 showed its 

neoplastic activity using substrate specificity in the guinea pig. 

ASNase isolated and purified from the guinea pig serum, and E. 
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coli was profoundly used to treat ALL [34]. Two isozymes of L-

ASNase were discovered, namely type-I and type-II, by Ohuma in 

1967 [35].  Both these isozymes have shown their effect on L-

asparagine and L-glutamine. However, type-II isozyme is used 

mainly due to its better neoplastic activity and higher specificity 

against serum asparagine. E. coli ASNase-II (EcA-II) is a homo-

tetramer and has a high molecular weight of 138 kDa, and it has 

four subunits of ~34.6 KDa. It has a three-dimensional structure 

with two tetramers of four identical monomers each (Figure1.5). 

The structure is correctly regarded as a dimer of dimers. The 

active site of these three hundred twenty-seven amino acid long 

enzymes lies between these dimers [36]. Each active site is 

shaped by the haulage of amino acids arranged in two adjacent 

monomers.  

 

Figure 1.5: Structure of E.coli ASNase (PDB Entry: 3ECA) 

 

ASNase works by the metabolic shutdown of the 

neoplastic leukemic cells [37]. The system of action of ASNase 

involves the depletion of amino acid asparagine from blood. 

Cancerous cells have a mutation in asparagine synthetase 
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(ASNS), and hence they cannot produce their asparagine. 

Therefore, leukemic cells are entirely dependent on the circulating 

blood- asparagine, forming other amino acids by transamination. 

This hinders the protein synthesis of blast cells (Figure 1.6). The 

absence of asparagine in the blood due to asparaginase-induced 

hydrolysis causes metabolic shutdown in the cancerous blast cells 

and forces them to undergo apoptosis [38]. At present, numerous 

clinical data strongly support the use of asparaginase for the 

therapy of pediatric ALL. The intensive asparaginase treatment is 

more beneficial than the less intensive one. ASNase has been 

profoundly used due to its efficacy in converting almost complete 

asparagine to ammonia and aspartate. 

 

 

Figure 1.6: Anti-neoplastic mechanism of L-Asparaginase [39] 

 

ASNase has been isolated from plants, fungus, bacteria, 

guinea pigs, and other mammals. However, currently, three 

ASNase enzyme preparations are commercially used. These are 

native ASNase isolated from Escherichia coli [38], ASNase 

obtained from Erwinia chrysanthemi known as Erwinia ASNase 

[40], and pegylated form of native E. coli ASNase [41]. E. coli 

ASNase has major medical applications and is used almost in 
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every formulation of ASNase provided to the patient. ASNase 

derived from Erwinia species is only provided when a patient has 

developed hypersensitivity towards E. coli ASNase and Peg-

asparaginase [42]. 

 

E. coli-derived native ASNase is a bacterial preparation 

and is immunogenic to humans [43]. ASNase formulations may 

result, to some extent, in allergic reactions and hypersensitivity. 

Almost 30-70% of the patients had developed an immune 

response to E. coli ASNase. This leads to the discontinuation of 

the ASNase therapy, which reflects an adverse outcome in 

survival [44]. The addition of such an ASNase can result in 

allergic effects and anti-drug antibodies (ADAs) formation. 

Patients with ASNase therapy have developed reduced ASNase 

activity levels over time [45]. ADAs are formed when the 

ASNase is first administered to the patients (Figure 1.7). On 

subsequent exposure to ASNase, these ADAs neutralize the drug's 

effect and reduce its activity and half-life in the blood. This 

hinders the purpose of administration of the drug at regular 

intervals. This is referred to as silent inactivation [32]. These 

ADAs formed can also be attributed to hypersensitivity reactions 

occurring in some patients provided with ASNase therapy. 
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Figure 1.7: Pathophysiology of the mechanism of action of 

ASNase [44] 

Numerous other side-effects are using E. coli-derived 

ASNase. L-ASNase can also degrade L-glutamine along with L-

asparagine. Due to this glutaminase ability of ASNase, it results in 

several side effects, including neurotoxicity and hepatotoxicity. 

There are other ill effects of using ASNase therapy. Some 

ASNase therapy patients have shown hyperglycemia, 

hypoalbuminemia, anaphylaxis, pancreatitis, bronchospasm, 

angioedema, etc. [36], [45]. Due to these adverse effects of using 

ASNase, there is a vigor need to have an ASNase-based therapy 

with lesser side effects and better efficacy. 

1.2 Aim, Scope, and Novelty of our study 
 

According to previous studies in our lab, the rational 

protein engineering approach produced novel E. coli ASNase 

variants with the desired properties [46]. Specific Amino acids 

(AA) for particular side effects were substituted with other Amino 

Acids by Polymerase Chain Reaction-based site-directed 

mutagenesis [46]. These novel E. coli ASNase variants show high 

enzymatic activity, high stability in human serum, and negligible 
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glutaminase activity. These variants also show low 

immunogenicity in vivo in BALB/c mice and ALL patients. There 

is also less binding to pre-existing antibodies present in ALL 

patients receiving asparaginase chemotherapy, thus preventing 

silent inactivation [47]. All the EcA variants also showed 

significantly improved efficacy in leukemia animal models and in 

vivo pharmacokinetics. None of them were found to be toxic in 

vivo. 

However, some proteolytic serum proteases like acetyl 

endopeptidase and cathepsin cleave these variants reducing their 

in vivo half-life and activity. Hence, further modifications are 

required to reduce the number of dosages of ASNase to get 

optimum efficacy. Due to various side-effects of E. coli native 

ASNase and to improve the dosage interval and number, some 

chemical modifications in the structure of ASNase must be done 

[48]. PEGylation can do this by adding random poly-ethylene 

glycol to already prepared mutants. It has been shown that 

PEGylation of asparaginase improves its therapeutic efficacy with 

a costly treatment protocol. The proposed project aims to further 

improve the therapeutic efficacy of these novel asparaginase 

variants by chemical modifications followed by the evaluation of 

their antileukemic and immunogenic properties using ALL cells, 

and lymphoblasts isolated from ALL patients in BALB/c and 

xenograft mice models. After their pre-clinical verification is 

complete, it will be subjected for future clinical trials to produce a 

more advanced chemotherapeutic drug to treat childhood ALL.    

 

1.3 Chemical modification by PEGylation 

  
One of the critical limitations behind the therapeutic usage 

of asparaginase is its proteolytic degradation. These result in rapid 



15 

serum clearance, significantly reducing the drug's half-life. To 

improve asparaginase's stability in human serum, researchers have 

tried to modify the enzyme with various forms of polyethylene 

glycol (PEG). PEGylation exerts the beneficial effect by two 

different mechanisms: (i) improves the half-life of the enzymes by 

increasing the size to retard glomerular filtration, and [49] (ii) 

protecting the enzymes from degradation via its known stealth 

effect [50]. 

Several enzymes have been PEGylated to obtain desired 

effects. PEG moiety offers a variety of advantages and serves as a 

mechanism to improve protein half-life in blood [51]. PEG has 

been used due to its flexibility, low toxicity, and increased 

hydrophilicity. The PEG molecule has a variable size and can 

easily bind to the protein motifs [49]. Several proteins, including 

ASNase, have already been modified using PEG and have shown 

promising results. PEGylation doesn’t hinder the protein activity 

and retains the pharmaco-kinetic properties of the protein. Most of 

the therapeutic proteins are prepared using non-specific 

PEGylation techniques. However, two approaches are popular 

where PEG molecule has been introduced at a particular site and a 

random PEGylation mechanism [52].  

Site-specific protein PEGylation can be performed via 

chemical modifications of different amino acids, including 

cysteine, tyrosine, serine, threonine, histidine, etc. [49], [53]. 

PEGylation is generally performed on the disulfide bridges of the 

cysteine residues by first reducing the bridge and then reacting it 

with the PEG molecule (Figure 1.8). Tyrosine residues are 

preferably reacted with 4-phenyl-3H-1,2,4-triazoline-3,5(4H)-

dione (PTAD) to form a covalent bond between the protein 

molecule and the PEG molecule [54]. N-terminal residues of 

serine and threonine are also utilized for the PEGylation 
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mechanism. Histidine tag can also target the PEG molecule with 

the protein. The protein is added with a polyhistidine tag [41], 

[49]. The tagged protein is incubated with Ni–nitrilotriacetic acid 

(NTA)–PEG reagent, resulting in PEGylation of protein.   

 

Figure 1.8: Different mechanisms of site-specific PEGylation in 

proteins [49] 

PEGylated ASNases is poly-ethylene glycol conjugated 

ASNase produced to reduce the immunogenicity compared to 

native ASNase and reduce the number of infusions by increasing 

the half-life of ASNase inside the patient’s body [41], [42]. 

Several reports state that even the pegylated forms of native E. 

coli ASNase can cause hypersensitivity reactions in the patient’s 

body [50], [55]. However, this has been seen in patients pre-

provided with E. coli native ASNase and then later shifted to 

pegylated forms. PEGylation maintains the stealth effect of the 

drug and reduces immunogenicity in vivo [55]. The addition of 

PEG to the already prepared E. coli ASNase variants might result 



17 

in reduced hypersensitivity, better stability, and efficacy.

 

Figure 1.9: PEGylation of ASNase at disulphide bridges of 

cysteine residues 
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2. Chapter 2 
 

2.1.  Experimental Work Flow 

 

It is evident from the literature that the efficacy of L-

asparaginase therapy can be significantly enhanced by reducing 

its antigenicity and improving stability and activity with the help 

of site-directed mutagenesis followed by chemical modification. 

Various studies have shown that mutation at certain positions 

affects L-asparaginase's stability, activity, and antigenicity. 

However, further changes to some of those mutants are yet to be 

explored. This project aims to chemically modify the E. coli 

ASNase variants through PEGylation to improve the efficacy and 

stability of E. coli ASNase variants produced in our lab 

previously. 

 

The course of action during the project involved the 

following sub-objectives-:   

a) Transformation of Mutant-A-pET-28a-DH5α and W-pET-

28a-DH5α plasmids into BL21(DE3) competent cells. 

b) Isolation of crude wild-type and mutant-A protein from the 

transformed E.coli BL21(DE3) colonies. 

c) To study the enzyme kinetics- and yield of the crude 

enzyme. 

d) Purification of wild-type and mutant protein. 

e) Characterization of the purified ASNase, including enzyme 

kinetics, asparaginase activity, pH, and thermal stability 

profile. 

f) Chemical modification by PEGylation. 
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g) Characterization of purified enzyme for its thermal stability, 

enzyme kinetics, activity, antigenicity, and the comparison 

with the unmodified enzyme.  

 

Figure 2.1: Schematic representation of the project objectives 

The present project aims to develop a novel PEG-modified 

ASNase mutant, which can be beneficial in treating primary and 

relapse ALL. 
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3. Chapter 3 
 

3.1. Materials and Methods 
 

3.1.1. Materials 

 

3.1.1.1. Strains 

E. coli DH5α (Kindly provided by Dr. Klaus Roehm, 

University of Marburg, Germany), E. coli BL21 (DE3) (ATCC) 

are used throughout the study. 

 

3.1.1.2. Chemicals 

All chemicals used in the present study were of reagent 

grade and were purchased either from Merck (Darmstadt, 

Germany), Sigma Aldrich (New Jersey, USA). The plasmid 

isolation kit was from BioHelix (Taipei, Taiwan). All the 

reagents and solvents used in the project, SDS PAGE, were 

purchased from Sigma (New Jersey, USA), SRL (Mumbai, 

India), and Hi-Media (Mumbai, India). The chemicals were used 

as it is without any purifications or modifications. The 

antibiotics used for growing cultures were purchased from 

Sigma Aldrich (New Jersey, USA), and the column used for 

Anion exchange chromatography is the Hi-trap Q-HP Sepharose 

column from Cytiva (Marlborough, USA) 
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3.1.2. Methods  

 

3.1.1.1  Bacterial growth condition 

E. coli strains were grown ready to use Luria Bertani (LB) 

media from HiMedia (India), pH 7.2-7.4 at 370C and 160 r.p.m, 

supplemented with Kanamycin/Ampicillin and Tetracycline/ 

Chloramphenicol antibiotics. 

 

3.1.1.2 Storage and Revival of bacterial cultures 

Glycerol stocks of bacterial culture were revived by 

inoculating 30 μl of frozen cells into 3 ml of LB medium followed 

by overnight incubation at 37°C, 160 r.p.m. A loopful of 

overnight culture was streaked on LB agar plate supplemented 

with appropriate antibiotics and incubated overnight at 37°C. A 

single colony obtained on the plate was used for further 

experiments. Plates were stored at 4°C for up to one month. 

 

3.1.1.3 Plasmid isolation 

E. coli cell having the required plasmid was grown in Luria 

Bertani broth (from HiMedia) containing antibiotic kanamycin 

and tetracycline (from HiMedia). The plasmid was isolated from 

E. coli cells using the Bio-Helix mini prep plasmid extraction kit 

user manual. Briefly, the overnight grown bacterial culture was 

centrifuged at 11000 x g for 1 min to pellet the cells. It was added 

with resuspension, lysis, and neutralization buffer. Lastly, it was 

washed and eluted in a fresh microcentrifuge tube. 
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3.1.1.4 Restriction Digestion  

The restriction digestion of the isolated plasmids of Mutant-A 

and Wild-type was performed using NEB (Ipswich, Australia) 

buffers and restriction enzymes. The isolated plasmids were 

added with the Cut Smart restriction buffer with EcoRI and 

HindIII restriction enzymes. The mixture was incubated at 37º C 

for 90 minutes, and the resultant was run on 1% Agarose gel to 

obtain the band of the insert on the gel. 

 

3.1.1.5 Agarose gel electrophoresis 

DNA, RNA can be separated in an agarose matrix by 

applying electric fields. The shorter the molecule travels, the more 

considerable distance in the agarose gel, and the larger molecule 

travels the shortest distance. For preparing wells into the gel, 

molten agarose with a fluorescent dye Ethidium bromide (EtBr) 

for staining the sample was poured into the casting tray of the 

electrophoresis unit and allowed to solidify. EtBr intercalates into 

the rings of DNA, which can then be seen under UV. The 

electrophoresis unit is filled with the 1X TAE buffer, and the 

samples were mixed into the loading dye and then loaded into the 

wells. The loading dye contains glycerol to give density to the 

sample and bromophenol blue to track the movement of the 

sample into the gel. Electric fields were then applied to separate 

the sample of different sizes from the mixture. The run gel was 

then analyzed under a UV transilluminator. 

 

3.1.1.6 Competent Cell preparation 

Competent cells were prepared using the Calcium chloride 

(CaCl2) and Magnesium chloride (MgCl2) method. E. coli 
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BL21(DE3) Cells were grown overnight in Luria Bertani broth 

supplemented with Chloramphenicol (Himedia) antibiotic. 1% of 

the overnight grown bacterial culture is again inoculated for 

secondary culture into the LB broth and incubated at 37° C, 160 

r.p.m, till the culture’s OD reaches 0.6 at 600 nm. All the 

subsequent steps were then done on the ice. Cells were first arrested 

-by incubating on ice for 10 minutes and then centrifuged at 4° C 

for 10 minutes to pellet down the cells at 3500 rpm. Cells were then 

re-suspended in chilled CaCl2 and MgCl2 (80mM CaCl2 and 50mM 

MgCl2). 10ml of the solution was added to the pellet obtained from 

40ml of culture and was centrifuged at 3500 rpm for 10 minutes at 

4°C. The supernatant was discarded, and 10 ml of the mixture of 

CaCl2 and MgCl2 were added to the pellets and kept on ice for 2 

hours. Repeat the centrifuge at 3500 rpm for 10 mins at four 4°C, 

and the supernatant was discarded. Pellet was then finally 

suspended with 80µl of solution of Glycerol and CaCl2 before 

storing it at -80oC. 

 

3.1.1.7 Bacterial transformation 

The transformation was done by the heat shock method. E. coli 

BL21(DE3) ultra-competent cells were kept on ice for 15 minutes. 

The competent cells (80 µl) were added with 7µl of plasmid DNA 

and mixed gently. The mixture was kept on ice for 30 minutes. 

Immediately, the microcentrifuge tubes were kept at 37ºC 

thermomixer and held there for 90 seconds. After that, it was 

immediately followed by transferring the tubes back to the ice for 

10 minutes. LB broth was added to each tube and incubated for 60 

minutes at 37° C, 160 r.p.m. Transformed cells were then spread 

onto the LB antibiotic resistance plate. The appearance of single 

colonies in the following days confirms successful transformation. 
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3.1.1.8 Recombinant protein isolation 

A single colony of transformed cells was inoculated into LB 

broth containing 50 µg/ml kanamycin and chloramphenicol and 

grown overnight at 37° C. The secondary culture was prepared in 

new LB broth supplemented with appropriate antibiotics, and 

cells were kept on an incubator shaker at 37° C, 160 r.p.m, till 0.6 

OD was attained. The secondary culture was induced with 0.5mM 

IPTG and incubated at 37° C for 4 hours in the incubator (160 

rpm). After centrifuging the culture at 10,000 rpm for 3 minutes at 

4° C, the cells were suspended in a specific hypertonic buffer 

solution. The mixture was vortexed and kept on ice for 10 

minutes. The mixture was centrifuged at 13,000 rpm for 20 

minutes at 4° C. 500µl of chilled Mili-Q water was added to the 

tube and vortexed vigorously. It was incubated in ice for 5 mins 

and again centrifuged at 13,000 rpm for 25 mins at 4° C. 

Supernatant was collected and stored at 4° C. SDS-PAGE result 

shows asparaginase yield after that. 

 

3.1.1.9 Determination of protein concentration 

(Bradford et al., 1976)  

  The protein sample was diluted 100 times in distilled 

water for quantitative protein estimation. Then 80 μl of protein 

solution was mixed with 120 μl of Bradford reagent in a 

microtiter plate and incubated at room temperature for 5 minutes. 

Absorption was measured at 595 nm against a blank (80μl 

distilled water + 120 μl Bradford reagent). For the standard curve, 

increased concentration of 5 sample solutions of diluted Bovine 

Serum Albumin (BSA) was measured in the same way. 
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3.1.1.10 SDS-PAGE 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS PAGE) is run to separate the protein onto the gel depending 

on their size by applying the electric field and discontinuous 

polyacrylamide gel as the support medium. SDS in the gel acts as 

a surfactant and imparts a negative charge, thus covering the 

charge of the protein depending on the charge-to-mass ratio. The 

basic pH reduces the positive charge of the protein, and the 

intrinsic charge is also negligible compared to the SDS loaded. In 

the discontinuous SDS PAGE, first, the protein migrates into the 

stacking gel of pH 6.8 for proper stacking and then gets separated 

through the resolving gel of pH 8.8.  

The difference in pH leads to the stacking effect at the 

junction between the stacking gel and the separating gel. The 

running buffer mainly contains Tris-glycine with SDS. The 

glycine in pH 6.8 acts as a zwitterion, and at an alkaline pH, it 

remains deprotonated, slightly negatively charged. The somewhat 

negative charge Cl- ion moves in front; thus, the protein is 

sandwiched between the Cl- ion and the positive glycinate ion. In 

resolving gel, the glycinate exists as negatively charged, thus 

losing the positive slowing charge and becoming the leading ion 

that causes the appearance of the bands after staining. When the 

external electric field is applied, protein migrates towards a 

positive electrode anode. The gel act as a sieve resulting in the 

separation of the protein. The minor protein travels a more 

considerable distance than the more significant protein. The gel is 

stained in the Coomassie dye at the end of the SDS PAGE 

electrophoresis. The amount of protein yield can also be estimated 

by looking at the band intensity. Samples were prepared using 1X 

loading dye and heating at 95° C for 3 minutes. After 
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centrifugation at 13000 r.p.m for 5 mins, samples were loaded, 

and the 12% gel was run in the 1X running buffer. The gel was 

stained and destained for the required period, and the gel was 

analyzed. 

 

3.1.1.11 Thermal stability assay 

E. coli asparaginase exhibits similar activity against its 

natural substrate L-asparagine and synthetic substrate 

hydroxamate (AHA). The assay is based on the reaction of 

hydroxylamine liberated from AHA with 8-hydroxyquinoline at 

high pH. The resulting green oxin dye has an absorption 

coefficient of about 1.75*104 per mol per cm at 705 nm, which is 

detectable with high sensitivity. Briefly, the enzyme dilutions 

were incubated at 30ºC for 30 mins at 600 rpm in a thermocycler 

to obtain optimum temperature. 1mM of AHA was added to each 

well of 96 healthy plates. The enzymes were set for 5 mins each at 

55ºC,60ºC,65ºC, and 70ºC sequentially, and then 10 µl of 

enzymes were taken and added to the substrate in the plate at the 

interval of 1 min between the triplicates. The plate was kept for 

30 mins allowing the enzyme and substrate to react.10 µl of 12% 

Trichloroacetic acid (TCA) was added to the enzyme to stop the 

reaction by decreasing the pH of the response. 200 µl of Oxin 

solution was added to each well. Absorbance was taken at 705 nm 

to check for enzyme stability. 

 

3.1.1.12 Protein precipitation using Ammonium 

sulfate 

After isolation, the protein was precipitated with 50% 

ammonium sulfate for 1 h at 4 °C followed by centrifugation at 

16,000 r.p.m. for 15 min at 4 °C. The remaining supernatant was 
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brought to 95% saturation by further addition of ammonium 

sulphate and kept at 4 °C. Precipitated proteins were collected by 

centrifugation 16,000 r.p.m. for 15 min at 4 °C. The pellets were 

dissolved in 50mM Tris-HCl, pH 8.5 buffer and dialysis was 

performed using a 15 MWCO dialysis membrane to remove the 

ammonium sulfate contamination. The dialysed samples were 

stored for purification by mandatory Anion Exchange 

Chromatography followed by gel filtration chromatography. 

 

3.1.1.13 Chromatographic Purification 

The purification was performed using Anion-exchange 

chromatography. The same is performed using the AKTA-Pure 

machine. The column used for Anion exchange chromatography 

is Hi-trap Q-HP Sepharose + column from Cytiva (Marlborough, 

USA). It has positively charged resin that binds to charged 

ASNase and negatively elutes the protein. The buffers used were 

equilibration buffer (50mM Tris) and elution buffer (50mM Tris, 

300mM NaCl).  The column volume was 5 cv. The machine was 

set at method run, and the method was designed by putting 15 

column volume (CV) and a flow rate of 0.5 ml/minute 

Gel filtration Chromatography was also performed to get 100% 

pure protein. The column used for the gel filtration 

chromatography was Hi Prep 16/60 Sephacryl S-200 high 

resolution (Cytiva, Marlborough, USA). The total column volume 

was 120 ml. The flow rate was set at 0.5 cv/ min. Each elution 

was obtained in 2 ml of buffer.  
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3.1.1.14 Buffer-Exchange 

The enzyme is present in Tris-HCl buffer till yet. The 

modification can be performed by exchanging Tris-HCl buffer for 

Phosphate buffer. This exchange was performed using Microcon-

10 KDa centrifugal filter purchased from Millipore (New Jersey, 

USA). 500 µl of the protein was added and centrifuged at 11000 g 

for 30 minutes. The flow-through was collected, and the tube was 

inverted to contain the retentate concentrated enzyme. Phosphate 

buffer was added to change the buffer and centrifuged under the 

same conditions. This was repeated at least 6 times to completely 

exchange the buffer of the enzyme. The exchanged buffer and the 

filtrates were quantified using the Bradford assay.  

 

3.1.1.15 Chemical modification  

The buffer exchanged enzyme was used for the chemical 

modification. The molar ratio of 25:1 (PEG: Protein) was used for 

the modification. 2KDa mPEG-NHS esters were used for the 

modification. 500mM Phosphate buffer and Milli-Q was added 

along with buffer exchanged enzyme and mPEG molecules. The 

mixture was incubated at 30ºC at 300 rpm shaking for 1 hour, 2 

hours, 3 hours, and so on till 6 hours. Modified protein is kept 

after each hour to optimize the yield of the modified protein. The 

mixture was then quenched using 30µM hydroxylamine solution. 

The modified enzyme was checked on 12% SDS-PAGE  

 

3.1.1.16 Asparaginase Activity 

The usage of commercially available L-asparagine has 

prepared the calibration requirements. The enzymes were diluted 

at a ratio of 1:100, and the diluted enzyme was added to 10 mM 
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of AHA. The mixture was incubated at 37ºC for a minute. 

Autoclave Milli-Q water was added to the reaction mixture. Oxin 

dye was used to obtain the green color. Absorbance was taken at 

710 nm. The obtained readings were analyzed using my-curve fit 

software. 

3.1.1.17 Enzyme Kinetics Assay 

The enzyme kinetics study was based on the varying 

concentrations of substrate. Different concentrations of substrate, 

AHA, were prepared. The enzyme was incubated with each 

substrate for 30 minutes. The reaction was halted using 12% Tri-

chloroacetic acid (TCA). Oxin dye was used to obtain the green 

color. The absorbance was recorded at 705 nm. The velocity of 

the reaction was calculated using the formula-:   

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =
𝑂𝐷 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑔𝑟𝑒𝑒𝑛 𝑜𝑥𝑖𝑛𝑑𝑜𝑙 𝑑𝑦𝑒 ×  𝑡𝑖𝑚𝑒
 

The absorption coefficient of green oxindole dye is 1.75 × 109 M-1 

cm-1. The reciprocal was taken to obtain  
1

𝑣
 and  

1

𝑠
  Value. The 

graph was plotted for the reciprocal values, and the calculation of 

maximum reaction velocity (Vmax), Michaelis constant (Km), and 

turnover number (Kcat) were performed using the Lineweaver-

Burk plot equation.  

   

3.1.1.18 Ammonia Release Assay 

L-Asparagine (Sigma Aldrich, New Jersey, USA) was used 

as the natural substrate dissolved in 50Mm Tris-HCl buffer. The 

diluted enzyme was added, and the mixture was incubated at 37ºC 

for 30 minutes. The reaction was stopped using 1.5 M TCA. The 



31 

mixture was centrifuged to remove the precipitated proteins. 

Nessler’s reagent was added, and the mixture was incubated at 

room temperature for 30 minutes. Absorbance was taken at 480 

nm, and calculations were performed. 

3.1.1.19 Antigenicity Assay  

The antigenicity of the modified enzyme vs. the 

unmodified enzyme was evaluated using an indirect enzyme-

linked immune sorbent assay (ELISA). The initial enzyme 

concentration was 1µg/ml, and 100µl of each enzyme was loaded 

on the well. Overnight incubation was provided so that efficient 

coating could occur. Blocking with 1% BSA (Sigma Aldrich, 

New Jersey, USA) was done, and the same was kept for 

incubation for 8 hours at room temperature. Washing was 

performed using the washing buffer, 1X Phosphate-Buffered 

Saline, 0.1% Tween 20 Detergent (PBST). Primary anti-

asparaginase antibody was added and left overnight. Washing was 

performed using PBST and secondary antibody was added and 

kept for 2 hours at room temperature. Excess antibody binding 

was removed by washing. 3,3′,5,5′-Tetramethylbenzidine (TMB) 

substrate was added and kept in dark. Reaction was stopped using 

sulphuric acid and absorbance was taken at 450 nm.  
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4. Chapter 4 
 

4.1. Results 
 

4.1.1 Plasmid isolation and restriction digestion of 

wild-type ASNase and Mutant-A 

The plasmids were isolated from E. coli-pET-28a-DH5α 

using Bio-helix mini-prep plasmid isolation kit. The plasmids 

were isolated from transforming the plasmid of E. coli-pET-28a-

DH5α in the expression vector E. coli BL21(DE3) strain. 

Spectrophotometric analysis shows that the plasmids isolated 

were of high-grade purity, and the concentration obtained was 

also satisfactory (Table 4.1). Hence it can be used to perform 

further transformation experiments. Agarose gel electrophoresis 

was also performed to confirm the presence of plasmid 

qualitatively (Figure 4.1). Since the band for the desired plasmid 

is not observed in the expected range, restriction digestion has 

been performed. The restriction digestion confirmed the insert 

size of 1.5 Kbp (Figure 4.2) 

Table 4.1: The purity and concentration of isolated plasmids 

S.No. Plasmid Absorbance 

(260/280) 

Concentration 

(ng/µl) 

1. Wild-type 

ASNase 

1.79 132.1 

2. Mutant-A 

ASNase 

1.81 94.9 
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-  

Figure 4.1: Agarose gel electrophoresis of isolated plasmids lane 

1: ladder, lane 2: Mutant-A plasmid, lane 3: Wild-type plasmid 

 

Figure 4.2: Restriction digestion of the isolated plasmids 
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4.1.2 Transformation of Mutant-A-pET-28a-DH5α in E.coli 

BL21 (DE3) 

The isolated plasmids were incorporated in E.coli 

BL21(DE3) competent cells, spread on antibiotic-containing 

plates, and incubated overnight at 37ºC. The colonies were 

observed (Figure 4.2 and Figure 4.3). Single colonies were 

marked and used for the other protein isolation process. Both wild 

type and mutant-A have a good number of single transformed 

colonies. Obtaining single transparent colonies on antibiotic 

selection plate confirms successful transformation of the E. coli-

pET-28a plasmid. 

 

Figure 4.3: Transformed colonies of wild-type E. coli pET-28a 

BL21(DE3) construct. Single colonies are marked in red. 
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Figure 4.4: Transformed colonies of mutant-A E. coli pET-28a 

BL21(DE3). Single colonies are marked in blue. 

4.1.3 Isolation of Recombinant protein 

The transformed single colonies of Mutant-A and wild-

type were used to isolate the recombinant protein. 0.5mM 

Isopropyl β-d-1-thiogalactopyranoside (IPTG) induction was 

provided in E.coli BL21(DE3) and protein was isolated  using 

osmotic shock method. Figure 4.5a and Figure 4.6a shows that 

there is the presence of protein of interest in the supernatant pool 

after the induction for the wild-type and mutant-A respectively. 

The induction was checked for subsequent 4 hours to optimize the 

better yield conditions for the protein. Figure 4.5b and shows that 

there is a high expression of wild-type after 4 hours of induction 

by IPTG. The single transformed colonies were selected on 

random from the transformed plates of both wild-type and 

mutant-A. Figure 4.5c indicates there is a high expression of 

wild-type enzyme from the colony-1 taken from the plate while 

Figure 4.6c indicated that all the six colonies selected yielded 

good amount of ASNase. However, further characterization was 

performed to select the final colonies for protein isolation for 

further experiments.  
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a. 

 

b. 
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 c. 

  

 

 

a. 

 

Figure 4.5: 12% Gel Images (a) Induction of wild-type ASNase                    

(b) Induction of wild-type after 1-hour, 2-hour, 3 hours and 4 hours 

(c) Wild-type ASNase isolated from colony 1 
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b. 

 

 

 

 

 

 

4.1.4 Thermal Stability Profile for isolated enzymes 

Thermal stability profile was checked for the isolated 

wild-type and mutant-A colonies. Each colony of mutant-A was 

tested for its thermal stability. It was also found that mutant-A is 

significantly more stable than wild-type at higher temperatures. 

This shows that the conformation of the mutant-A was intact at 

high temperatures while the wild-type has shown a considerable 

decrease in the thermal stability.  Figure 4.7 shows that mutant-

A, colony-1 was highly thermally stable. Hence, Mutant-A 

Colony-1 was selected for further experimental procedures.  

Figure 4.6: 12% Gel Images (a) Induction of mutant-A ASNase (b) 

Mutant-A ASNase isolated from colony-1,2,3,4,5,6 respectively 
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Figure 4.7: Thermal stability profile of crude wild-type and 

mutant-A ASNase. Colony-1 of Mutant-A was selected as a 

best fit due to its high thermal stability. 

 

4.1.5 Purification of wild-type and mutant-A ASNase 

The crude asparaginase is contaminated with other 

periplasmic proteins. Of note, amalgamation of asparaginase by 

both glutaminase and urease give rise to many unwanted side-

effects clinically. It is reported in many literatures about the low 

bioavailability of commercial generic asparaginases and their low 

clinical effectivity. Therefore, asparaginase with high purity is 

desirable and this can be achieved by multi-step purification 

process. Here, the isolated crude wild-type and mutant-A enzymes 

were precipitated (Figure 4.8a and Figure 4.8b), dialysed and 

then purified with anion-exchange chromatography using the Hi-

trap Q-Sepharose strong anion exchange column in AKTA Pure 

machine. The elution fraction, which showed peaks were 

collected. The chromatogram was obtained for both wild-type and 
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mutant-A for anion exchange chromatography (Figure 4.9a and 

Figure 4.11a), and the 12% SDS PAGE was run to check for the 

yield (Figure 4.9b and Figure 4.11b). Since, the gel image of 

wild-type enzyme does not confirms very high purity of the 

enzyme, we had performed gel filtration chromatography later. 

The chromatogram was obtained showing a single peak 

confirming the purity of the enzyme (Figure 4.10a). The eluted 

fractions from size exclusion chromatography were run on 12% 

SDS-PAGE. The gel image also confirms that the wild-type 

enzyme had been completely purified (Figure 4.10b). 

a. 
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b.

 

Figure 4.8: (a) SDS-PAGE analysis of wild-type EcA purification 

by ammonium sulphate. (b) SDS-PAGE analysis of mutant-A 

ASNase purification by ammonium sulphate. 

  

Figure 4.9: Anion exchange chromatography of wild-type ASNase (a) 

Chromatogram obtained for wild-type anion-exchange 
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chromatography. Elution fractions are shown. (b) 12% Gel image of 

the eluted fractions showing about 80% purified ASNase 

 

Figure 4.10: Size exclusion chromatography of wild-type 

ASNase (a) Chromatogram obtained for wild-type size-exclusion 

chromatography. Elution fractions are shown. (b) 12% Gel image 

of the eluted fractions showing 100% purified ASNase 

 

Figure 4.11: Anion exchange chromatography of Mutant-A 

ASNase (a) Chromatogram obtained for wild-type anion-

exchange chromatography. Elution fractions are shown. (b) 12% 
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Gel image of the eluted fractions showing about 100% purified 

mutant-A ASNase 

 

4.1.6 Chemical Modification 

Chemical modification was performed using 2 KDa 

mPEG-NHS esters. The molar ratio of PEG: Protein was fixed at 

25:1. It was observed that the PEG molecule binds to the protein 

present in the mixture. The modification was standardized and 

checked for every hour upto 6 hours. However, no significant 

difference was observed in the rate of modification even after 5 

hours. Both wild-type and mutant-A were modified (Figure 4.12 

and Figure 4.13). But, the yield of the modified protein was not 

much. It has to be standardized further to increase the yield of the 

modified protein.  

 

Figure 4.12: A. Time-dependent chemical modification of wild-

type ASNase using mPEG NHS ester-2kDa  
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Figure 4.13: A. Time-dependent chemical modification of 

Mutant-A ASNase using mPEG NHS ester-2KDa B. Chemical 

modification of Mutant-A ASNase using mPEG NHS ester-2KDa 
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4.1.7 Thermal stability profile of modified crude enzyme 

 

The thermal stability profile of modified crude enzyme was tested 

at different temperatures. 2kD PEG Mutant-A have shown significant 

thermal stability than the wild EcA at higher temperatures (Figure 4.14).  

This shows that the modified Mutant-A is much more stable and would 

not get degraded at even higher temperatures as compared to wild-type. 

This could result in improved pharmaco-kinetic properties of the enzyme. 

The significance was calculated using Two-way ANOVA in GraphPad 

Prism 5 software. 

 

Figure 4.14: Thermal stability profile for mPEG 2kD Wild and mPEG 

2kD Mutant-A v/s Pure wild and Pure A. This experiment was performed 

in biological replicate.  Mean ± SEM are shown here. * Significance of 

the experiment were calculated by Dunnett’s multiple comparison test of 

one-way ANOVA P value<0.05 using GraphPad Prism 5 software. 
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4.1.8 Enzyme kinetics study of modified enzyme 

The kinetic parameters of an enzyme are essential to predict the 

enzyme activity. The enzyme kinetics were studied using the synthetic 

substrate AHA of ASNase. This study was carried out at physiological 

temperature (37 ºC) and 62 ºC.  It was observed that mPEG 2kD Mutant-

A retained its native asparaginase activity at both 37 ºC and 62 ºC. A 

curve was plotted against velocity and substrate concentration for both 

the temperatures. (Figure 4.15a and 4.15 b).  This curve was used to 

obtain Lineweaver burk plot. With the help of the Lineweaver-burk plot 

all other kinetic parameters were obtained (Table 4.2 and Table 4.3). % 

Kcat was calculated and a bar plot was obtained. (Figure 4.16 a and 

Figure 4.16 b) 
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b. 
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Figure 4.15: a. Velocity v/s substrate concentration plot for each 

enzyme at 37 ºC b. Velocity v/s substrate concentration plot for each 

enzyme at 62 ºC 

 

Table 4.2: Table showing all the kinetic parameters for each enzyme at 

37 ºC 

Enzyme Km/Vmax 1/Vmax Vmax Km Kcat %Kcat 

Pure-Wild 878.075 769.05 0.003715 2.083374 0.001532 99.99999 

mPEG 2kD 

Wild 

548.8 1045.075 0.001951 0.540868 0.001832 154.8021 

Pure-A 247.225 581.785 0.003439 0.425709 0.004058 346.0995 

mPEG 2kD 

Mutant-A 

272.62 686.645 0.002915 0.397148 0.003669 325.2544 
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Table 4.3: Table showing all the kinetic parameters for each enzyme at 

62 ºC 

Enzyme Km/Vmax 1/Vmax Vmax Km Kcat %Kcat 

Pure-Wild 732.94 1154.565 0.000883 0.654754 0.001374 99.99999 

mPEG 2kD 

Wild 

311.125 1432.3 0.000702 0.217488 0.003223 237.2954 

Pure-A 231.065 425.405 0.002353 0.543459 0.004329 317.6525 

mPEG 2kD 

Mutant-A 

308.085 408.35 0.002451 0.756379 0.003253 237.5073 

 

 

 

a. 
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b. 

 

Figure 4.16: a. % Kcat plotted for each enzyme at 37ºC b. % Kcat plotted 

for each enzyme at 62ºC 

4.1.9 Ammonia release assay of modified enzyme 

 

Ammonia release assay was performed to check the activity of the 

modified crude enzyme towards the natural substrate and to compare its 

activity with the wild-type. It was observed that mPEG 2kD Mutant-A 

retained its native asparaginase activity (Figure 4.17). This shows that 

the modified enzyme is comparable to the wild-type in degrading 

asparagine. The absorbance was detected at 480nm when nessler’s 

reagent was added to the mixture solution (Figure 4.18).  
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Figure 4.17: Asparaginase activity of wild-type EcA, mutant-A and 

mPEG 2kD wild and mutant-A at 37 °C using natural substrate. 

 

Figure 4.18: Experimental image showing change in colour after adding 

Nessler's reagent. 

4.1.10  Asparaginase assay of modified enzyme 

Asparaginase assay was performed to assess the ability of the 

enzyme to degrade its synthetic substrate AHA.  The standards were 

prepared using commercially available L-asparagine using my-curve fit 
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software. The four parametric logistic curve was used to plot the graph 

and obtain the standard values (Figure 4.19). These values were used to 

calculate the activity of the modified enzymes. It was observed that 

mPEG 2kD Mutant-A retained its native asparaginase activity (Figure 

4.20). It co-relates with the results of Ammonia release assay. The 

enzyme activity is measured in International units per ml (IU/ml). One 

unit of activity is defined as the amount of enzyme that liberates 1.0 mol 

of NH2OH from AHA per min at 37 °C. The absorbance was taken after 

the addition of oxin dye and obtained change in colour (Figure 4.21). 

The final obtained units of enzyme activity are tabulated (Table 4.4). 

This shows that the modification with PEG does not hinder the enzyme 

activity.  

 

Figure 4.19: Four-parametric logistic curve used for analyzing the 

results. 
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Figure 4.20: Asparaginase activity of wild-type EcA, mutant-A and 

mPEG 2kD wild and mutant-A at 37 °C using synthetic substrate. 

 

Figure 4.21: Experimental image showing change in colour after adding 

oxindole dye. 

4.1.11  Antigenicity Assay by indirect ELISA 

Indirect ELISA was performed to check the antigenicity of the 

modified enzymes. It was speculated that the PEGylation would decrease 

the antigenicity of the enzyme. The observed results are in co-relation 

with the expected results. The modified 2kD PEG Mutant-A has 

significantly lower antigenicity than the wild-type (Figure 4.22). This 
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can be a promising result since, this can pave a way for future 

developments of the novel PEGylated drug to improve ASNase therapy. 

 

Figure 4.22: The in-vitro antigenicity of modified v/s unmodified 

ASNase’s were determined by indirect ELISA. 
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5. Chapter 5 
 

5.1 Discussion 

E. coli ASNase is widely used for the treatment of primary 

and relapsed ALL. The native ASNase has shown promising 

outcomes in ALL patients. However, there are remissions of ALL. 

This is attributed to the fact that the neutralizing antibodies 

decrease the efficacy of ASNase [44]. The short half-life of 

ASNase can also be a significant factor for the relapse.  Wild-type 

ASNase has been known to show various side-effects and they are 

a cause of concern for many who develop hypersensitive 

responses towards asparaginase therapy. Wild-type ASNase also 

show glutaminase activity which is responsible for various 

deleterious effects like nephrotoxicity and neurotoxicity [36]. 

Although, the EcA mutants which are already prepared have 

shown improved stability, activity, half-life, immunogenicity, 

efficacy, reduced silent inactivation and no toxicity in vivo, it is 

still susceptible to proteolytic degradation by serum proteases. To 

increase the half-life and reduce the enzyme dosage, it is 

imperative to modify the prepared mutants to obtain better - 

therapeutic efficiency. PEGylation maintains the stealth effect of 

the enzyme and does not interfere with sustained activity. 

PEGylated therapeutics have been known to increase the 

hydrodynamic volume, reduce proteolytic degradation, and reduce 

immunogenicity, resulting in increased solubility and increased 

stability and serum half-life [56]. It also aids in reduced kidney 

clearance, thereby enhancing the therapeutic efficacy of the 

enzyme [57]. PEGylation can be mono-PEGylation or poly 

PEGylation. Several researchers have done PEGylation to native 

E. coli ASNase and obtained desired results [58].   
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PEGylation can be N- terminal site-specific or can be random. 

During our course of studies, E. coli asparaginase variants will be 

subjected to modification via thiol end of cysteine side chain. To be 

specific, we will explore the two Cys present in E. coli asparaginase 

to stall the PEG groups. First, the Cys-Cys disulphide bond will be 

reduced and then, the disulphide bond will again be formed with the 

help of a linker molecule that will bear our desired PEG group. The 

whole process is expected to minimally disturb the tertiary structure 

of asparaginase and hence, retain the activity. We will be performing 

several in vitro enzyme assays to confirm the desired results for 

increased stability and therapeutic efficacy. According to the 

literature, it is anticipated that the PEGylation at specific sites will 

result in lesser side effects due to decreased hypersensitivity. It is also 

expected that the modified enzyme will be more thermally stable and 

can be used in countries with a high temperature goes high up to 

65ºC. These altered enzymes have the potential to open up a whole 

new arena for developing ALL chemotherapies and increasing ALL 

patient’s survival rates in near future. 

 

5.2 Conclusions 

In conclusion, we have chemically modified the pure L-

ASNase wild type and mutant that were prepared in our lab 

previously. It has been proved that chemical modification of 

enzymes improves its therapeutic efficacy, increase stability and 

half-life in blood. In this work, we performed chemical 

modification of this novel EcA variant by random chemical 

modifications such as PEGylation, which are already known to 

increase its serum stability, half-life and reduce antigenicity using 

published protocols. Then we have compared its stability, activity 

properties with the unmodified and wild type asparaginase. We 
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believe that this application will lead to development of effective 

EcA based therapy with reduced side effects and increased half-life 

for the treatment of childhood ALL.  

In the present thesis work, Mutant-A and wild-type ASNase 

has been isolated, purified and chemically modified using 2KDa 

mPEG-NHS ester molecule. It has been observed that chemically 

modified 2KDa ASNase shows better thermal stability, enhanced 

enzyme activity and is believed to also showed lesser side-effects.  

Our research can pave a way towards development of 

chemically modified novel L-Asparaginase drugs show lesser side-

effects. These loss of side-effect in the modified novel mutants 

have the potential to improve the overall treatment outcome and 

could be a benchmark in asparaginase therapy for treatment of 

ALL. Thus, it can be a boon to the patients suffering from ALL.  

5.3 Future Prospects 

We already have the crude modified wild type and mutant-A 

ASNase. First and the foremost, we have to standardize the separation 

of modified and unmodified enzyme from the crude modified 

enzyme. Later on, in-vitro characterization of the modified enzyme 

can be performed on different ALL cell lines to test its anti-leukemic 

properties. Furthermore, we will be checking its safety and efficacy in 

pre-clinical leukemic animal model. If the desired results are obtained 

the modified enzymes can be patented before starting clinical trials 

with our partner institutions.  

But for this process we need to have separated modified enzyme in 

bulk.  The modification will also be performed using 5kD and 10kD 

PEG molecules and will be checked and compared with appropriate 

controls. Those modified with 5kD and 10kD can be further tested on 

ALL cell lines and patients lymphoblasts. If every results comes out 
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to be beneficial, then we can put it for clinical trials. We hope to 

develop an indigenous novel modified asparaginase mutant that is 

affordable and improves the overall treatment outcome and survival.  
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6. Chapter 6 
 

6.1 Annexure 
 

6.1.1 Plasmid map of pET-28a 

 

 

 

 

 



60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 

7. Chapter 7 

 

7.1 References 

 

[1] G. Juliusson and R. Hough, “Leukemia,” Prog Tumor Res, vol. 

43, pp. 87–100, 2016, doi: 10.1159/000447076. 

[2] V. P. Burke and J. M. Startzell, “The leukemias,” Oral Maxillofac 

Surg Clin North Am, vol. 20, no. 4, pp. 597–608, Nov. 2008, doi: 

10.1016/j.coms.2008.06.011. 

[3] P. Lemez, “[Acute leukemias in humans. I. Definition, etiology, 

and pathogenesis of acute leukemias. Classification of acute myeloid 

leukemia],” Sb Lek, vol. 91, no. 11–12, pp. 368–384, Nov. 1989. 

[4] M. S. Tallman, “Acute leukemias,” Hematol Oncol Clin North 

Am, vol. 25, no. 6, pp. xi–xii, Dec. 2011, doi: 10.1016/j.hoc.2011.10.003. 

[5] S. C. Finch and M. S. Linet, “Chronic leukaemias,” Baillieres 

Clin Haematol, vol. 5, no. 1, pp. 27–56, Jan. 1992, doi: 10.1016/s0950-

3536(11)80034-x. 

[6] E. M. L. Greenberg and A. Probst, “Chronic leukemia,” Crit Care 

Nurs Clin North Am, vol. 25, no. 4, pp. 459–470, vi, Dec. 2013, doi: 

10.1016/j.ccell.2013.09.003. 

[7] “What are the Symptoms and Signs of Leukemia?,” Cancer 

Treatment Centers of America, Oct. 05, 2018. 

https://www.cancercenter.com/cancer-types/leukemia/symptoms 

(accessed Apr. 05, 2022). 

[8] “Cancer today.” http://gco.iarc.fr/today/home (accessed Dec. 08, 

2021). 



62 

[9] A. Mandavilli, “Leukaemia,” Nature, vol. 498, no. 7455, pp. S1–

S1, Jun. 2013, doi: 10.1038/498S1a. 

[10] R. Seth and A. Singh, “Leukemias in Children,” Indian J Pediatr, 

vol. 82, no. 9, pp. 817–824, Sep. 2015, doi: 10.1007/s12098-015-1695-5. 

[11] W. Ladines-Castro et al., “Morphology of leukaemias,” Revista 

Médica del Hospital General de México, vol. 79, no. 2, pp. 107–113, 

Apr. 2016, doi: 10.1016/j.hgmx.2015.06.007. 

[12] R. Lai, C. F. Hirsch-Ginsberg, and C. Bueso-Ramos, “Pathologic 

diagnosis of acute lymphocytic leukemia,” Hematol Oncol Clin North 

Am, vol. 14, no. 6, pp. 1209–1235, Dec. 2000, doi: 10.1016/s0889-

8588(05)70183-0. 

[13] M. Hallek, T. D. Shanafelt, and B. Eichhorst, “Chronic 

lymphocytic leukaemia,” Lancet, vol. 391, no. 10129, pp. 1524–1537, 

Apr. 2018, doi: 10.1016/S0140-6736(18)30422-7. 

[14] E. Estey and H. Döhner, “Acute myeloid leukaemia,” The Lancet, 

vol. 368, no. 9550, pp. 1894–1907, Nov. 2006, doi: 10.1016/S0140-

6736(06)69780-8. 

[15] J. Cortes, C. Pavlovsky, and S. Saußele, “Chronic myeloid 

leukaemia,” Lancet, vol. 398, no. 10314, pp. 1914–1926, Nov. 2021, doi: 

10.1016/S0140-6736(21)01204-6. 

[16] J. R. Downing and K. M. Shannon, “Acute leukemia: A pediatric 

perspective,” Cancer Cell, vol. 2, no. 6, pp. 437–445, Dec. 2002, doi: 

10.1016/S1535-6108(02)00211-8. 

[17] S. Loghavi, J. L. Kutok, and J. L. Jorgensen, “B-acute 

lymphoblastic leukemia/lymphoblastic lymphoma,” Am J Clin Pathol, 

vol. 144, no. 3, pp. 393–410, Sep. 2015, doi: 

10.1309/AJCPAN7BH5DNYWZB. 



63 

[18] D. Hoelzer and N. Gökbuget, “T-cell lymphoblastic lymphoma 

and T-cell acute lymphoblastic leukemia: a separate entity?,” Clin 

Lymphoma Myeloma, vol. 9 Suppl 3, pp. S214-221, 2009, doi: 

10.3816/CLM.2009.s.015. 

[19] “Acute Lymphocytic Leukemia - Cancer Stat Facts,” SEER. 

https://seer.cancer.gov/statfacts/html/alyl.html (accessed Apr. 07, 2022). 

[20] M. Kato and A. Manabe, “Treatment and biology of pediatric 

acute lymphoblastic leukemia,” Pediatr Int, vol. 60, no. 1, pp. 4–12, Jan. 

2018, doi: 10.1111/ped.13457. 

[21] P. P. Madhusoodhan, W. L. Carroll, and T. Bhatla, “Progress and 

Prospects in Pediatric Leukemia,” Curr Probl Pediatr Adolesc Health 

Care, vol. 46, no. 7, pp. 229–241, Jul. 2016, doi: 

10.1016/j.cppeds.2016.04.003. 

[22] E. A. Raetz and T. Bhatla, “Where do we stand in the treatment of 

relapsed acute lymphoblastic leukemia?,” Hematology, vol. 2012, no. 1, 

pp. 129–136, Dec. 2012, doi: 

10.1182/asheducation.V2012.1.129.3800156. 

[23] S. Abdelmabood, A. E. Fouda, F. Boujettif, and A. Mansour, 

“Treatment outcomes of children with acute lymphoblastic leukemia in a 

middle-income developing country: high mortalities, early relapses, and 

poor survival,” J Pediatr (Rio J), vol. 96, no. 1, pp. 108–116, Feb. 2020, 

doi: 10.1016/j.jped.2018.07.013. 

[24] J. Pruitt, A. Flagg, R. Hanna, and S. J. Rotz, “Brachial plexus 

chloroma as a presenting feature of relapse in a child with KMT2A-

rearranged acute lymphoblastic leukemia, a case report,” Pediatr 

Hematol Oncol, vol. 38, no. 2, pp. 179–183, Mar. 2021, doi: 

10.1080/08880018.2020.1826071. 



64 

[25] J. M. Bennett et al., “Proposals for the classification of the acute 

leukaemias. French-American-British (FAB) co-operative group,” Br J 

Haematol, vol. 33, no. 4, pp. 451–458, Aug. 1976, doi: 10.1111/j.1365-

2141.1976.tb03563.x. 

[26] J. W. Vardiman et al., “The 2008 revision of the World Health 

Organization (WHO) classification of myeloid neoplasms and acute 

leukemia: rationale and important changes,” Blood, vol. 114, no. 5, pp. 

937–951, Jul. 2009, doi: 10.1182/blood-2009-03-209262. 

[27] S. Wang and G. He, “2016 Revision to the WHO classification of 

acute lymphoblastic leukemia,” J Transl Int Med, vol. 4, no. 4, pp. 147–

149, Dec. 2016, doi: 10.1515/jtim-2016-0040. 

[28] C. Rosanda et al., “B-cell acute lymphoblastic leukemia (B-ALL): 

a report of 17 pediatric cases,” Haematologica, vol. 77, no. 2, pp. 151–

155, Apr. 1992. 

[29] E. A. Raetz and D. T. Teachey, “T-cell acute lymphoblastic 

leukemia,” Hematology Am Soc Hematol Educ Program, vol. 2016, no. 

1, pp. 580–588, Dec. 2016, doi: 10.1182/asheducation-2016.1.580. 

[30] H. Rafei, H. M. Kantarjian, and E. J. Jabbour, “Recent advances 

in the treatment of acute lymphoblastic leukemia,” Leuk Lymphoma, vol. 

60, no. 11, pp. 2606–2621, Nov. 2019, doi: 

10.1080/10428194.2019.1605071. 

[31] B. J. Saikia, P. S. Roy, G. Kumar, R. K. Mishra, and A. Sarma, 

“Clinico-epidemiological features and response in childhood acute 

lymphoblastic leukemia at regional cancer center of Northeast India,” 

South Asian J Cancer, vol. 8, no. 4, pp. 241–243, 2019, doi: 

10.4103/sajc.sajc_249_19. 

[32] L. M. Vrooman and L. B. Silverman, “Treatment of Childhood 

Acute Lymphoblastic Leukemia: Prognostic Factors and Clinical 



65 

Advances,” Curr Hematol Malig Rep, vol. 11, no. 5, pp. 385–394, Oct. 

2016, doi: 10.1007/s11899-016-0337-y. 

[33] S. Lang, “Uber desamidierung im Tierkorper,” Beitr Chem 

Physiol Pathol, vol. 5, pp. 321–345, 1904. 

[34] J. D. Broome, “Evidence that the L-Asparaginase Activity of 

Guinea Pig Serum is responsible for its Antilymphoma Effects,” Nature, 

vol. 191, no. 4793, Art. no. 4793, Sep. 1961, doi: 10.1038/1911114a0. 

[35] H. A. Campbell, L. T. Mashburn, E. A. Boyse, and L. J. Old, 

“Two L-Asparaginases from Escherichia coli B. Their Separation, 

Purification, and Antitumor Activity*,” Biochemistry, vol. 6, no. 3, pp. 

721–730, Mar. 1967, doi: 10.1021/bi00855a011. 

[36] T. Batool, E. A. Makky, M. Jalal, and M. M. Yusoff, “A 

Comprehensive Review on L-Asparaginase and Its Applications,” Appl 

Biochem Biotechnol, vol. 178, no. 5, pp. 900–923, Mar. 2016, doi: 

10.1007/s12010-015-1917-3. 

[37] R. Abaji and M. Krajinovic, “Pharmacogenetics of asparaginase 

in acute lymphoblastic leukemia,” Cancer Drug Resistance, vol. 2, no. 2, 

pp. 242–255, Jun. 2019, doi: 10.20517/cdr.2018.24. 

[38] V. S. S. L. P. Talluri, M. Bhavana, M. V. S. M. Kumar, and S. V. 

Rajagopal, “L-Asparaginase: An Ultimate Anti-Neoplastic Enzyme,” 

International Letters of Natural Sciences, vol. 15, pp. 23–35, 2014, doi: 

10.18052/www.scipress.com/ILNS.15.23. 

[39] J. J. M. Cachumba, F. A. F. Antunes, G. F. D. Peres, L. P. 

Brumano, J. C. D. Santos, and S. S. Da Silva, “Current applications and 

different approaches for microbial l-asparaginase production,” Braz J 

Microbiol, vol. 47, pp. 77–85, Dec. 2016, doi: 

10.1016/j.bjm.2016.10.004. 



66 

[40] N. Bae, A. Pollak, and G. Lubec, “Proteins from Erwinia 

asparaginase Erwinase ® and E. coli asparaginase 2 MEDAC ® for 

treatment of human leukemia, show a multitude of modifications for 

which the consequences are completely unclear,” Electrophoresis, vol. 

32, no. 14, pp. 1824–1828, Jul. 2011, doi: 10.1002/elps.201100117. 

[41] A. Verma, K. Chen, C. Bender, N. Gorney, W. Leonard, and P. 

Barnette, “PEGylated E. coli asparaginase desensitization: an effective 

and feasible option for pediatric patients with acute lymphoblastic 

leukemia who have developed hypersensitivity to pegaspargase in the 

absence of asparaginase Erwinia chrysanthemi availability,” Pediatr 

Hematol Oncol, vol. 36, no. 5, pp. 277–286, Aug. 2019, doi: 

10.1080/08880018.2019.1634778. 

[42] S. Gottschalk Højfeldt et al., “Relapse risk following truncation of 

pegylated asparaginase in childhood acute lymphoblastic leukemia,” 

Blood, vol. 137, no. 17, pp. 2373–2382, Apr. 2021, doi: 

10.1182/blood.2020006583. 

[43] M. H. G. Fonseca, T. da S. Fiúza, S. B. de Morais, T. de A. C. B. 

de Souza, and R. Trevizani, “Circumventing the side effects of L-

asparaginase,” Biomed Pharmacother, vol. 139, p. 111616, Jul. 2021, 

doi: 10.1016/j.biopha.2021.111616. 

[44] D. K. Cecconello, M. R. de Magalhães, I. C. R. Werlang, M. L. de 

M. Lee, M. B. Michalowski, and L. E. Daudt, “Asparaginase: an old drug 

with new questions,” Rev Bras Hematol Hemoter, vol. 42, no. 3, pp. 275–

282, Jul. 2020, doi: 10.1016/j.htct.2019.07.010. 

[45] “Microbial L-asparaginase as a Potential Therapeutic Agent for 

the Treatment of Acute Lymphoblastic Leukemia: The Pros and Cons,” 

Science Alert. https://scialert.net/fulltext/?doi=ijp.2014.182.199 (accessed 

Apr. 08, 2022). 



67 

[46] R. K. Mehta et al., “Mutations in subunit interface and B-cell 

epitopes improve antileukemic activities of Escherichia coli 

asparaginase-II: evaluation of immunogenicity in mice,” J Biol Chem, 

vol. 289, no. 6, pp. 3555–3570, Feb. 2014, doi: 

10.1074/jbc.M113.486530. 

[47] S. Verma, R. K. Mehta, P. Maiti, K.-H. Röhm, and A. Sonawane, 

“Improvement of stability and enzymatic activity by site-directed 

mutagenesis of E. coli asparaginase II,” Biochim Biophys Acta, vol. 1844, 

no. 7, pp. 1219–1230, Jul. 2014, doi: 10.1016/j.bbapap.2014.03.013. 

[48] M. Chahardahcherik, M. Ashrafi, Y. Ghasemi, and M. Aminlari, 

“Effect of chemical modification with carboxymethyl dextran on kinetic 

and structural properties of L-asparaginase,” Anal Biochem, vol. 591, p. 

113537, Feb. 2020, doi: 10.1016/j.ab.2019.113537. 

[49] J. H. P. M. Santos, K. M. Torres-Obreque, G. P. Meneguetti, B. P. 

Amaro, and C. O. Rangel-Yagui, “Protein PEGylation for the design of 

biobetters: from reaction to purification processes,” Braz. J. Pharm. Sci., 

vol. 54, Nov. 2018, doi: 10.1590/s2175-97902018000001009. 

[50] M. L. Graham, “Pegaspargase: a review of clinical studies,” Adv 

Drug Deliv Rev, vol. 55, no. 10, pp. 1293–1302, Sep. 2003, doi: 

10.1016/s0169-409x(03)00110-8. 

[51] “Novel Approaches and Strategies for Biologics, Vaccines and 

Cancer Therapies - 1st Edition.” https://www.elsevier.com/books/novel-

approaches-and-strategies-for-biologics-vaccines-and-cancer-

therapies/singh/978-0-12-416603-5 (accessed Apr. 26, 2022). 

[52] S. Jevsevar, M. Kunstelj, and V. G. Porekar, “PEGylation of 

therapeutic proteins,” Biotechnol J, vol. 5, no. 1, pp. 113–128, Jan. 2010, 

doi: 10.1002/biot.200900218. 



68 

[53] P. B. Lawrence and J. L. Price, “How PEGylation Influences 

Protein Conformational Stability,” Curr Opin Chem Biol, vol. 34, pp. 88–

94, Oct. 2016, doi: 10.1016/j.cbpa.2016.08.006. 

[54] J. K. Dozier and M. D. Distefano, “Site-Specific PEGylation of 

Therapeutic Proteins,” International Journal of Molecular Sciences, vol. 

16, no. 10, Art. no. 10, Oct. 2015, doi: 10.3390/ijms161025831. 

[55] Y.-A. Heo, Y. Y. Syed, and S. J. Keam, “Pegaspargase: A Review 

in Acute Lymphoblastic Leukaemia,” Drugs, vol. 79, no. 7, pp. 767–777, 

May 2019, doi: 10.1007/s40265-019-01120-1. 

[56] A. Beck, S. Sanglier-Cianférani, and A. Van Dorsselaer, 

“Biosimilar, biobetter, and next generation antibody characterization by 

mass spectrometry,” Anal Chem, vol. 84, no. 11, pp. 4637–4646, Jun. 

2012, doi: 10.1021/ac3002885. 

[57] E. C. Nickle, R. D. Solomon, T. E. Torchia, and J. C. Wriston, 

“Chemical modifications of Escherichia coli L-asparaginase and their 

effect on plasma clearance rate and other properties,” Biochim Biophys 

Acta, vol. 704, no. 2, pp. 345–352, Jun. 1982, doi: 10.1016/0167-

4838(82)90164-9. 

[58] G. P. Meneguetti et al., “Novel site-specific PEGylated L-

asparaginase,” PLoS One, vol. 14, no. 2, p. e0211951, 2019, doi: 

10.1371/journal.pone.0211951. 



lxix 

 


	LIST OF FIGURES
	LIST OF TABLES
	LIST OF ABBREVIATIONS
	1. Chapter 1
	1.1. Introduction
	1.1.1 Leukemia
	1.1.2 Acute Lymphoblastic Leukemia
	1.1.3 Treatment of ALL

	1.2 Aim, Scope, and Novelty of our study
	1.3 Chemical modification by PEGylation

	2. Chapter 2
	2.1.  Experimental Work Flow

	3. Chapter 3
	3.1. Materials and Methods
	3.1.1. Materials
	3.1.1.1. Strains
	3.1.1.2. Chemicals

	3.1.2. Methods


	2
	3
	3.1
	3.1.1
	3.1.1.1  Bacterial growth condition
	3.1.1.2 Storage and Revival of bacterial cultures
	3.1.1.3 Plasmid isolation
	3.1.1.4 Restriction Digestion
	3.1.1.5 Agarose gel electrophoresis
	3.1.1.6 Competent Cell preparation
	3.1.1.7 Bacterial transformation
	3.1.1.8 Recombinant protein isolation
	3.1.1.9 Determination of protein concentration (Bradford et al., 1976)
	3.1.1.10 SDS-PAGE
	3.1.1.11 Thermal stability assay
	3.1.1.12 Protein precipitation using Ammonium sulfate
	3.1.1.13 Chromatographic Purification
	3.1.1.14 Buffer-Exchange
	3.1.1.15 Chemical modification
	3.1.1.16 Asparaginase Activity
	3.1.1.17 Enzyme Kinetics Assay
	3.1.1.18 Ammonia Release Assay
	3.1.1.19 Antigenicity Assay



	4. Chapter 4
	4.1. Results
	4.1.1 Plasmid isolation and restriction digestion of wild-type ASNase and Mutant-A
	4.1.2 Transformation of Mutant-A-pET-28a-DH5α in E.coli BL21 (DE3)
	4.1.3 Isolation of Recombinant protein


	4
	4.1
	4.1.1
	4.1.2
	4.1.3
	4.1.4 Thermal Stability Profile for isolated enzymes
	4.1.5 Purification of wild-type and mutant-A ASNase
	4.1.6 Chemical Modification
	4.1.7 Thermal stability profile of modified crude enzyme
	4.1.8 Enzyme kinetics study of modified enzyme
	4.1.9 Ammonia release assay of modified enzyme
	4.1.10  Asparaginase assay of modified enzyme
	4.1.11  Antigenicity Assay by indirect ELISA


	5. Chapter 5
	5
	5.1 Discussion
	5.2 Conclusions
	5.3 Future Prospects

	6. Chapter 6
	6
	6.1 Annexure
	6.1.1 Plasmid map of pET-28a


	7. Chapter 7
	7
	7.1 References


