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ABSTRACT

In burgeoning field of cancer research, plant bioactive compounds and plant therapeutic
proteins have been found very effective on persisting drug resistant cancer. Although
many plant derived compounds are either in market or under clinical trials, there is still
need of in-depth analysis on the plant functional proteins. Uracil
phosphoribosyltransferase (UPRT) and phytaspase caspase-like protease are two such
functional plant proteins, which are reported to have their functional counterparts in
bacterial (bUPRT) and mammalian (caspase) system, respectively. In turn, these
counterparts have been already very well exploited for their major role in the cancer
treatment. Bacterial UPRT, pyrimidine salvage pathway enzyme converts the prodrug 5-
FU into toxic metabolite 5-FUMP inside the cancer cells leading to apoptosis. Whereas,
caspases are intracellular mammalian cysteine dependent proteases, which are mainly

involved in the execution of apoptosis.

However, thorough characterization of recombinant AtUPRT and phytaspase, and their
potential in complementing their functional counterparts in cancer treatment have been
conducted in detail in this current thesis. More specifically, this thesis addresses the
raising question of how far these two proteins mimic their counterparts in contributing
themselves in the cancer therapy either by gene or by protein therapeutics. In Chapter 1,
the emerging importance of cancer gene and protein therapy has been discussed. It also
brings the deeper value of preliminarily investigated or yet to be explored plant suicide
genes encoding therapeutic protein’s application in cancer therapy into the limelight.
More specifically, it deals exclusively with the significance of Arabidopsis thaliana
uracil phosphoribosyltransferase (AtUPRT) and Nicotiana tabacum phytaspase. The
chapter deciphers the possibilities of utilizing the potential of phytaspase in cancer
therapy. The last section of this chapter encompasses on the future significance of
devising these recombinant proteins into the mammalian system either exogenously or by

expression and finally, through their mode of action sensitizing the cancer cells towards
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chemotherapeutic drugs. At the end, development of quantum dots embedded polymeric
nanocarriers for delivering therapeutic agents have been illustrated.

Chapter 2 began with the in silico investigation on A. thialana UPRT (AtUPRT), where
AtUPRT was shown to have lower binding energy with its substrate 5-FU, as compared
to E. coli UPRT. Cloning of AtUPRT into the mammalian expression vector has been
delineated. Further, the therapeutic implication of AtUPRT expressed in HelLa cells by
sensitizing the cells towards prodrug 5-FU was established by cell viability assay, cell
cycle analysis and cell apoptosis analysis through flow cytometric analysis. The low
survival efficiency of the AtUPRT expressing HeLa cells post 5-FU treatment was finally
determined by quantitative clonogenic assay.

In Chapter 3, cloning (in bacterial and mammalian expression vector), expression and
characterization of Nicotiana tabacum pre-prophytaspase and mature phytaspase in E.
coli have been reported. This chapter is also stressed on the difficulties involved in
purifying the bacterially expressed pre-prophytaspase and mature phytaspase.
Recombinant mature phytaspase after cleaving GST tag retained its functionality towards
caspase-8 substrate and its kinetic parameters were analyzed by enzymatic assay. Also
theranostic potential of recombinant mature phytaspase (after removal of GST) bound to
Mn doped ZnS QDs-Chitosan NPs (nanocomposites) have been elucidated. The quantum
dots were useful for tracking and bio-imaging studies. The effect of phytaspase-
nanocomposites on HelLa cells in the presence of apoptosis inducing drug, cisplatin was
analyzed using cell viability assay. Also the prominent chemo-sensitizing effect of
transfected mature phytaspase in A549 (adenocarcinoma human alveolar basal epithelial)
cells towards drug is reported in this chapter.

The final Chapter 4 on conclusions and future prospects, highlights the emerging
importance of this study as well as and the important pack of information obtained in the
current thesis. In brief, for the first time, AtUPRT have been cloned in mammalian
expression vector and expressed in HeLa cells. The sensitizing effect of its expression in
cancer cells towards 5-FU was studied through various techniques. The other part of the
section focused on phytaspase-caspase like protease. N. tabacum phytaspase was cloned
and expressed in bacterial system. Its thorough sequence and structural characterization

vi
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was carried out. Retaliation of functionality of recombinant phytaspase assessed by
caspase activity assay illustrates its implication in cancer therapy. Thereafter, therapeutic
efficacy of the recombinant phytaspase was established in the presence of cisplatin by its
exogenous supply to the cancer cells upon loading onto quantum dots embedded
polymeric nanocarriers. Similarly, phytaspase was also cloned in mammalian expression
vector and transiently expressed to evaluate its anti-cancer potential on A549 cells in the
presence of doxorubicin. The optimized protocols in this current work may serve as
easier way to obtain these recombinant proteins avoiding the cumbersome process of
isolating proteins from their native plant source. This detailed characterization
information on these plant genes really serve as a platform for deeper investigation and
holds their immense importance in the future of cancer therapy.

Vi
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CHAPTER 1

Introduction and Literature Review

In context to the substantial percentage of mortality worldwide in several diseases due to
persistence of drug resistance and many other reasons, plant natural products or its
derivatives are found to be very useful, where some plant products have either been
clinically approved or under clinical trials [1]. Cancer is one such deadly disease, which
is a leading cause to the high rate of mortality in the world [2].There have been various
available treatments for cancer, such as surgery, chemotherapy and radiation therapy [3].
Though both chemotherapy and radio-therapy are effective of combating cancer cells,
these methods also indistinguishably kill normal cells and the chances of cancer relapsing
is high in several cases after treatment. Nevertheless, current evolution in recombinant
DNA technology, without a doubt, have played an important role in bringing a twist by
making it possible to introduce cancer gene therapy and protein therapy, which elucidate

major promising solutions over conventional cancer treatment.
1.1 Gene therapy

Gene therapy is one of the most promising therapeutic strategies, which promise to
completely eliminate the cancer cells without harming the normal cells. In gene therapy,
gene is used to rectify or supplant the disease controlling mechanism of cell, which has
lost its function [4, 5]. At the current count, totally 2356 clinical trials of gene therapy
have been carried out in the world wide. These constitute 22 different types of genes
with different functions. Out of these 2356 genes, 169 (7.2%) genes are suicide genes
(http://www.abedia.com/wiley/).
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Different types of gene in cancer gene therapy under clinical trial

Anﬁgen - | 19.3 0/0
Cytokine - 115.6 %
Deficiency - 18.3 %

Growth factors{T 0171 %
Oncolytic virus 7 3.1 %
Replication inhibitor 7777 3.8 %
Suicide {171 %
Tumor suppressor I 0] 79%
Unknown 1 2.3 %
Other categories | 114.9 %

Figure 1.1: Conceptualized and redrawn from “Gene Therapy Cinical Trials
Worldwide”- provided by the Journal of Gene Medicine (www.abedia.com/wiley
/genes.php). The bars represent percentage of different types of clinical trial genes

involved in cancer gene therapy.
1.1.1 Suicide gene therapy

Suicide gene therapy for cancer relies on a gene, which once expressed, catalyzes the
conversion of the administered prodrug into the toxic metabolites making the cells to
undergo apoptosis or programmed cell death (PCD) [6]. These foreign genes are called
suicide genes. This therapy is also called as gene directed enzyme prodrug therapy
(GDEPT). The most extensively investigated suicide gene therapy systems, which
advanced to the clinical trials are- cytosine deaminase (CD)-5-Fluorocytosine (5-FC) [7,
8] and Uracil phosphoribosyltransferase (UPRT)-5-Fluorouracil (5-FU) [9-11] and
Herpes Simplex Virus-Thymidine Kinase (HSV-TK)-ganciclovir (GCV) therapy system
[6, 12, 13].

CD-5-FC and UPRT-5-FU therapy system

CD and UPRT are the pyrimidine salvage pathway enzymes catalyzing the deamination
of cytosine into uracil and converts uracil to uridine monophosphate (UMP), respectively.
Till to date, CD has been only reported to be found in prokaryotes and fungi [14],
whereas UPRT has been widely studied in bacterial system and recently in yeasts. The
UPRT homolog is reported in human, which lacks UPRTase activity in vitro because of
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the missing uracil binding region [15]. This fundamental fact of absence of CD and
inactive UPRT homolog in human are exploited by many scientists to devise the bacterial
counterpart of these enzymes in suicide gene therapy. The fused CD-UPRT gene system
when incorporated into the cancer cells, the cells are provided with chemotherapeutic
nucleoside analog for cytosine and uracil such as, 5-FC and 5-FU. CD deaminates the
less toxic 5-FC to the toxic 5-FU [7, 8], in turn UPRT converts 5-FU into highly toxic
metabolite 5-FUMP. 5-FUMP inhibits the thymidylate synthetase, thereby creating
scarcity of dTMP (deoxy thymidine monophosphate) in the cancer cells leading to cell
death [16]. CD and UPRT are effective in killing cells individually, but their effect is
augmented when employed together [17-20].

HSV-TK-GCV therapy system

The HSV-TK metabolizes GCV, a nucleoside analogue of guanosine and also an antiviral
drug, into a GCV-monophosphate, which is further converted into a cytotoxic GCV-
triphosphate form by cellular mechanism involving kinases. GCV-triphosphate acts as a
competitive inhibitor of deoxyguanosine triphosphate, incorporates into the replicating
cellular DNA inhibiting DNA replication. Eventually the cells undergo cell death [21].
However, this system is not devoid of limitation, as it is relatively slow [22] and imposes
very high immunogenicity causing rejection of transduced cells by host immune system
[23, 24].

1.1.2 Gene therapy aiming cellular apoptotic machinery

Apoptosis is the process of programmed cell death, where the cells execute itself to
undergo cell death. The underlying failure of apoptosis mechanism of cells is the root
cause of occurring cancer [25]. Apoptosis deficient nature of cancer cells could be due to
numerous reasons. Therefore, attempts to compensate this deficiency, the genes encoding
main players involved in apoptosis are introduced into the cancer cells to compensate the
activity of their endogenous counterparts [26]. Mostly, gene therapy includes the
molecular targets, which are involved in the extrinsic apoptotic pathway. In this pathway,
tumor necrosis family (TNF) protein family (Fas ligands) binds to transmembrane death
receptors and TNF receptor (TNFR) superfamily present on the cell membrane leading to
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its trimerization. A cascade of reactions activates the initiator caspase 8, which in turn
activates other downstream caspases (caspases-3, -6 and -7). These downstream caspases
perform the cleavage of intracellular target cellular structural and functional protein
substrates forcing the cells to undergo cell death [26]. Caspase are the cysteine dependent
protease, which can be broadly divided into two initiator (caspase-2, -8, -9,-10 and -12)
and effector (caspase -3, -6 and -7) caspases. The initiator caspases when activated by the
external stimuli are processed and activate the effector procaspases. As caspases, TNF-a,
Bik (Bcl 2-interacting killer) and TRAIL (TNF-a related apoptosis inducing ligand) are
critically involved in apoptosis; clinical trials have been undertaken targeting these
factors in cancer therapy. Targeting apoptotic machinery also renders antiproliferative
effects on cancer cells [26-30].

Restoration of Caspases: Molecular targets in gene therapy

Since, caspases are the prime executioners of apoptosis, scientists have demonstrated that
restoring the expression and activity of caspases in many cancer cells have
chemosensitized the cells via apoptotic induction leading to cell death. Most of the
cancer cells show lack of expression of caspases, which could be due to the genetic
defects, such as deletion (in caspases 8 and 10) and mutation (in caspase 3,5,6 and 7)
[31]. The solution to compensate this expression loss is to either deliver the caspase
genes or to induce the endogenous expression of caspases. Phase | clinical trials have
been successfully undergoing on iCasp9/CID system-fusion of human caspase 9 and
modified FK-binding protein. When this system is exposed to synthetic dimerization
drug, caspase 9 gets activated leading to cell death [26, 29, 32]. It is also seen the
overexpression of caspase 9 have resulted in the rapid progression of cell death in HelLa
cells [33]. Regaining of caspase 8 activities have resulted in diminishing the resistance
that cancer cells possessed towards death receptor ligands [34]. Chimeric caspasel and
caspase 3 domain incorporated into the cancer cells and induced through death switch
approach caused apoptosis in the targeted cancer cells [32]. Additionally, there are
several reports stating the overexpression of procaspase 3,7,8 and 9 and engineered
autocatalytic caspase 3 led to apoptotic induction in the cancer cells [35].
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1.1.3 Delivery systems to deliver the suicide genes into the cells

The accurate delivery of the therapeutic agents (genes/proteins/drugs) is an intermediate
step to exploit the potential of the agents in exhibiting their therapeutic importance.
Delivery vehicles are the carriers carrying therapeutic agents such as, genes, proteins and
drugs inside the cells [36-38]. The transfer of the suicide genes inside can be made more
efficient by perfectly designed vectors. There are several vectors till to date have been
used to develop more efficient strategies to make suicide gene therapy to be a better
alternative over cancer therapies. These delivery systems can be broadly divided into-
viral vectors and non-viral vectors [39, 40]. Due to the nature of escaping
immunosurveillance and delivering the genomes into the infected cells, viruses are the
excellent for being used as the vector for the delivery of foreign deoxyribo nucleic acid
(DNA). The viruses used for the gene delivery are adenoassociated viruses (AAV),
adenoviruses, herpes simplex virus, retroviruses, lentiviruses and vaccinia virus. The viral
vectors are designed by the removal of viral genes, which are pathogenic to the cells, by
replacing them with the therapeutic genes to be delivered. Though the viral vectors are
highly efficient systems, safety has become a major issue. To overcome this, non-viral
vectors have become the second popular method of gene delivery [41]. These vectors are
further broadly divided into three types: naked DNA, physical method like
electroporation and chemical methods such as cationic liposomes and cationic polymers.
The third type includes nanovectors due to their structure and sizes, non-viral biological
agents (bacteria, bacteriophages, erythrocytes and exosomes) and some mammalian cells
like mesenchymal stem cells (MSCs) [42].

Liposomes-Non-viral vector

Due to the limitation of lower uptake and severe toxicity of naked DNA and physical
methods respectively, chemical methods have been widely investigated [43]. The
electrostatic interaction between the positively charge liposomes and the negatively
charged DNA, makes it a suitable vector for the delivery of gene into the cells [41].
Additionally, the advantages of being cost effective, broad range transfection and low
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immunogenic response makes it further more suitable as gene delivery system [40]. To
date, 4.2% of the clinical trial gene therapies are done using liposomes
(http://www.wiley.com/legacy/wileychi/genmed/clinical).

1.2 Protein therapy

In addition to gene therapy, cancer cells can also be targeted by cytotoxic proteins.
Protein therapy is one such significant breakthrough therapeutic modality, which could be
a platform for designing a rationale combination therapy using proteins and then
performing targeted delivery into the diseased cells [44]. Isolating proteins from the
native sources is a cumbersome process that includes disadvantages of more time, high
cost of production, limited availability of animal models and laborious. These limitations
can be overcome by recombinant protein production in heterologous system such as,
bacterial system [45, 46], which adds the advantages of low cost of production, easy
availability of bacterial culture, less time consuming. Recombinant proteins can be
supplied exogenously to the cancer, to recapture cell’s apoptosis undergoing ability,
leading to cell growth inhibition and cell death [47].

1.2.1 Protein therapy in targeting cellular apoptosis

Similar to apoptotic machinery genes, some of the cellular apoptotic recombinant
proteins such as rTNFa [48] and rTRAIL [27, 49] have been pursued in clinical phase
trials. Recombinant protein therapy still faces challenges due to the higher toxicity and
the difficulties in delivering functionally active protein. In spite of these restrictions, the
results obtained in incorporating recombinant caspases targeting deficient apoptosis in
cancer cells is a feasible approach. Many experiments have been done by several groups
employing intracellular delivery vehicle to deliver recombinant caspases in vitro and in
vivo condition. It was observed that delivery of the recombinant caspases (caspase-3,-6
and -8) [50-53] intratumorly resulted in effective induction of apoptosis. The whole
concept of recombinant protein therapy increases the effect of the therapy by employing
recombinant proteins having endogenous counterparts over the other therapeutic agents,
which is always advantageous- such as low immunogenicity and high specificity.
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1.2.2 Delivery system to deliver the therapeutic proteins into the cells

The medical application of protein therapy is limited, due to the difficulties in delivering
the functionally active protein into the cells and bioavailability of the protein because of
their high molecular weight, which extremely makes them difficult to cross the tissue
barriers [54]. Surmounting these limitations, researchers have come up with many
promising delivery systems, such as biodegradable polymeric nanocarriers, polymeric
microspheres, quantum dots and covalent attachment of polymers such as PEG (eg.
PEGylation or PEGnology) [54-57]. Recently proteins have also been delivered using cell
penetrating peptides (CPP) [58, 59].

Polymeric nanocarriers

The self assembling small molecules aggregating through intermolecular forces are
termed as nanocarriers. Generally nanoparticles (NPs) are nanocarriers that include
liposomes, polyplexes, NPs made up of proteins and peptide assemblies. Complexes
based on quantum dots, silica, gold nanoshells, etc also possess the characteristics of
nanocarriers. Nanocarriers assist protein delivery by providing various advantages-
protecting protein from inactivation/degradation by encapsulation, helping to track the
intracellular localization of protein and also providing platforms for the surface
conjugation of protein [54]. Nanocarriers have high surface area to volume ratio, which
helps in wide distribution of protein increasing their shelf life and stability [54, 56, 58].
Nanocarriers made of biodegradable polymeric materials have superseded the other
systems in delivering the drug molecules, as they reduce the risk of immune response and
are biocompatible [54, 60]. Polymeric nanocarriers can be made up of synthetic
homopolymer (eg. polylactide and poly(lactide-co-glycolide), natural polymer (eg.,
chitosan and alginate), copolymers (eg., polylactide-poly(ethylene glycol (PEG)) and
poly(e-caprolactone)-poly(ethylene glycol)) and colloid stabilizers (dextran and pluronic
F68) [54, 61-64].

Quantum dots (QDs)

Quantum dots, a nanometer sized semiconductor particles consisting of unique optical

and electronic properties. Along with the successful delivery of therapeutic agents such
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as proteins and drugs, QDs being highly photostable and bright fluorescent probe also aid
in tracking localization, movement, interaction and also release within the cells [58, 60,
65]. It was reported that protein-QDs conjugate was exceptionally internalized by the
HeLa cells with the help of cationic nanogel [66]. Successful delivery of cardiac troponin
C to the cardiac myocytes using conjugation with CPP tagged QdotITK™ Carboxyl QDs
has been already reported [58].

Quantum dots-Nanoparticles (QDs-NPs) conjugate promising delivery vehicle for

proteins

Though QDs are proved to be an efficient delivery probe, still it is less striking choice for
proteins due to its less accessible surface for protein conjugation and its unstable optical
properties against chemical reaction [60]. Addition to the usage of CPP [58, 66, 67], it is
reported that the conjugation of QDs with NPs has become unavoidable approach to
deliver therapeutic proteins [60, 68]. Delivering the protein or drug molecule using QDs-
NPs conjugates serves a dual purpose of increases the efficiency/controlled delivery and
tracking of protein/drug molecules. Preparation of only QDs followed by surface
modification of QDs with biocompatible polymeric NPs is an easy approach to prepare
QDs-NPs conjugates [60]. But loading of protein drug into QD-NPs conjugates is
possible by either linking protein to QD surface then encapsulating with polymeric NPs
or charging the protein to the biocompatible polymeric nanoparticle that already contains
core/shell QDs [68]. Complexing QDs especially with carbohydrate polymeric NPs (eg,
chitosan) increases their water solubility and biocompatibility. QDs coated with chitosan
were successfully delivered into the yeast cells [60]. For instance, Yaun et al, have used
blue emitting ZnO complexed with chitosan NPs for targeting the delivery of anticancer
drug to tumor [69]. It was also reported by Mathew et al, Mn-doped ZnS QDs complexed
with folic acid conjugated carboxymethyl chitosan loaded with 5-FU was successfully
targeted to breast cancer cells MCF-7 in vitro [70].

1.3 Plants in cancer treatment

Plants have always been referred as medicinal factory in contributing treatment to various

diseases including cancer. In fact, plant bioactive compounds have superseded many
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other synthetic compounds in the contemporary field of research. Vincristine [71] and
vinblastine [72] from periwinkle plant and paclitaxel (Taxol) from bark of pacific yew
tree are the examples of development of plant based chemotherapeutic drugs for cancer
treatment. Additionally, plants also show to have efficient genes/proteins playing an

immense role in cancer therapeutic strategies.
1.3.1 Plant genes used in cancer gene therapy
Linamarase

Linamarase, enzyme is found in plant species like cassava. They are majorly located in
the cell wall. Linamarase takes part in plant cyanogenesis, the process of liberating
respiratory poison- hydrogen cyanide (HCN).

Linamarase

Linamarin Acetone cyanohydrin + Glucose

(a-hydroxyisobutyronitrile-
beta-d-glucopyranoside)

Acetone + Hydrogen cyanide

This process accounts for plant defense against many herbivores. HCN interferes in the
production of ATP. This action is further enhanced due to the free diffusion of HCN
across cellular membranes. Based on the therapeutic potential of linamarase, scientists
have developed new strategies for cancer gene therapy by employing linamarase.
Retro/adenoviral vectors carrying linamarase have shown marked increase in the cell
death in the presence of linamarin substrate. The effective action of linamarase is
increased due to diffusion of HCN to the neighboring cells resulting in strong bystander
effect [73, 74].

Saporin

Saporin (SAP) from Saporin officinalis, is a ribosome-inactivating protein (RIP). SAP
irreversibly inactivates ribosomal RNA by depurination, resulting in permanent protein
synthesis inhibition, ultimately, causing cell apoptosis. The mode of action of SAP has
widely opened the door for devising SAP in cancer gene therapy. This plant toxin has
been used as recombinant chimera conjugated with monoclonal antibody for their easy
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internalization in the targeted cells. For example, SAP conjugated to anti-CD19, anti-
CD22 and anti-CD38 antibodies were found to be useful in treating B-cell lymphoma in
animal models. Additionally, the amount of SAP protein required to show its efficacy is
in picomolar range, which also compensates the less expression of SAP due to the
inhibitory effect of SAP on its own translation [75, 76].

Tomato Thymidine Kinase 1

HSV-TK-GCV system has been widely studied for its potential as GDEPT. The
disappointment with the system still remains due to low enzymatic activity and the
lipophobicity of the drugs as previously mentioned. Recently group of scientists have
come up with the new hope of exploiting the potential of tomato thymidine kinase
enzyme (ToTK1) with the nucleoside analog-AZT (Azidothymidine). ToTK1
phosphorylates AZT to AZT monophosphate and AZT diphosphate. Thorough
investigation has shown that TOTK1-AZT system is successfully an equivalent alternative
to HSV-TK-GCV system in treating malignant gliomas. It is reported that human
glioblastoma cells showed many fold increase in sensitivity to AZT when transduced
with ToTK1. Exposure of ToTKL1 transduced nude rats having glioblastoma multiforme
(GBM) to AZT has also shown visibly large decrease in tumor growth [77, 78].

Horse radish peroxidase

Plant enzyme horseradish peroxidase (HRP) and plant hormone indole 3-acetic acid
(IAA) are also shown to be the novel system for GDEPT. Under normoxic and hypoxic
tumor conditions, HRP-1AA system has potential cytotoxicity and also exhibit bystander
effect. However, the mechanism of action for HRP-1AA system is still in need to be
discovered. A few studies indicated that the HRP/IAA treated cells showed apoptotic
characteristics. This system along with murine interleukin-12 (mIL-12) has resulted in
significant tumor growth inhibition in cancer cells [6, 79-81].
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1.3.2 Plant proteins- anticancer agent in cancer therapy

Similar to plant genes, plant bioactive proteins have also showcased their benefits in
cancer therapy [82]. Proteins extract from Gynura procumbens containing peroxidase,
thaumatin-like proteins and miraculin was found to inhibit the growth of MDA-MB-231
breast cancer cell line [83]. Lectins, plant proteins have showed to have significant
anticancer effect on cancer cells in vitro as well as in vivo [84]. Ricin, RIP from castor
bean seed has been examined in Phase I clinical trials for its anticancer properties [85-
88]. However, to overcome the challenges of ricin chain-B non-specificity [85, 89],
immunotoxin studies were carried out using chain-A which showed very high toxicity
towards cancer cells [90, 91]. A deeper exploration is a basic prerequisite for the
successful exploitation of cytotoxic effect of these plant proteins.

1.3.3 Plant UPRT and plant phytaspase- two promising therapeutic agents in cancer
therapy

Though the above mentioned plant genes and plant proteins could be an effective
alternative to currently employed cancer treatments, but the priority focus is on those
plant proteins, which seem to have their counterparts in animal system. The whole
concept of expressing the plant counterparts of animal apoptotic factors and bacterial
therapeutic suicide gene was strengthened by the fact of similarities between plant and
animal PCD such as cell shrinkage, cyt ¢ release and DNA fragmentation [92, 93]. Beside
the PCD commonalities, expression of animal pro-apoptotic genes (bax) have shown to
increased tobacco plants resistance to pathogens [94]. Whereas expression of anti-
apoptotic genes such as human Bcl-xl, Bcl-2, baculovirus Op-1AP and C. elegan CED-9
in the transgenic plants have increased their tolerance against various stress such as
salinity, disease resistance, heat, UV-B, drought, cold and oxidative stress [95-97]. These
valued reports further strengthen the fact that the factors involved in animal and plant
PCD also share functional similarities. Through ages of discovery, a wealth of studies
have shown that plants have some functional analogs of mammalian caspases and
bacterial uracil phosphoribosyltransferase (bUPRT) to respond to the various stressed
conditions such as, biotic and abiotic stress [98] and molecular pathway [99, 100],
respectively. The striking fact is that, these analogs, such as plant caspase-like protein or
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plant UPRT (pUPRT) have only attained preliminary investigation for their potential in
replacing their counterparts such as caspases and bUPRT. Caspases are the key factor in
carrying out apoptosis. As previously mentioned under section 1.1.2, it has been observed
that overexpression of caspase in the cancer cells sensitizes the cells to undergo drug
induced apoptosis [101], whereas, UPRT enzyme has been fully exploited for forcing the
cells to commit suicide (mentioned in section 1.1.1).

Uracil phosphoribosyltransferase: The plant UPRT

One of the reasons for the investigation on plant UPRT to be still confined to its primitive
stage is that till now only Arabidopsis thaliana and Oryza sativa are reported to have
functionally active UPRT [99, 100, 102]. But this few counts of pUPRT is surpassed by
the finding that expressing Arabidopsis thaliana UPRT in UPRT mutant E.coli led to the
growth inhibition when treated with 5-FU and 5-fluorouridine (5-FD) [99, 100]. It
eventually becomes necessary to shed light on this observation as it projects the
possibilities of therapeutically important pUPRT as a better suicide gene candidate.

Phytaspase: The Plant serine Caspase like protease

Phytaspase is serine dependent protease, which came very recently insight in 2010. Like
caspase, phytaspase also degrade their intracellular target proteins by aspartate-specific
hydrolysis [103, 104]. As of recent update, addition to cleaving multiple caspase
synthetic substrates, phytaspase also have shown to cleave human peptide hormones—
gastrin and cholecystokinin (CCK), which makes it therapeutically important [105].
According to the current data, phytaspase expression is reported in Nicotiana tabacum,
Oryza sativa and Solanum lycopersicum and it is also discerned that it actively participate
in programmed cell death during abiotic stress (Tobacco mosaic virus (TMV) infection)
or biotic stress (High salinity or oxidative stress). Though, functionally phytaspase show
similarity to caspase, they share no similarity in their structure [98, 103].

This potential and concise overview of future success on plant caspase like protein-
phytaspase and pUPRT as suicide genes have driven the interest to seek the knowledge of
how far these two genes when expressed in heterologous systems are able to mimic their

14
TH-1569 11610618



counterparts and induce apoptosis in cancer cells by exogenous supply or by directly

expressing in cancer cells?

1.4 Objectives of the present work

1.4.1 A. thaliana UPRT (AtUPRT)

Cloning of AtUPRT from synthesized full length cDNA by PCR amplification
Functionally characterize the chemosensitizing effect of AtUPRT expression in
cancer cells towards the cancer cells

Study the molecular events involved behind the antiproliferative effects of
AtUPRT

1.4.2 N. tabacum phytaspase

Cloning of N. tabaccum phytaspase from synthesized full length cDNA by PCR
amplification

Expression and affinity chromatography based purification of recombinant
phytaspase

Structural and functional characterization of recombinant phytaspase
Encapsulation and delivery of recombinant phytaspase using biocompatible
nanocarriers

Molecular mechanism studies involving cell growth inhibition

1.5 Salient features of this work

1.5.1 Salient features of the work on AtUPRT

TH-1569 11610618

Cultivation of Arabidopsis thaliana in green house

AtUPRT gene amplification and subcloning into mammalian expression vector
PEGFP-N1

Establishment of AtUPRT stably expressing HelLa cells (HeLa-UPP cells)
Comparative in silico studies on structure and binding affinity between AtUPRT
and E.coli UPRT with their substrates uracil and 5-FU

Chemosensitization of HeLa-UPP cells towards 5-FU
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1.5.2 Salient features of the work on N. tabacum phytaspase

Cultivation of N. tabaccum in green house

Cloning, expression and purification of glutathione S-transferase (GST) tagged

precursor and active enzyme- pre-prophytaspase and mature phytaspase

e Sequence characterization of GST-pre-prophytaspase and GST-mature
phytaspase

e Structural characterization and caspase-like activity of recombinant GST- mature
phytaspase and mature phytaspase

e Reduced cell viability of HeLa cells on exogenous supply of phytaspase bound to
Mn doped ZnS quantum dots-Chitosan nanoparticles (Mn doped ZnS QDs-
Chitosan NPs) in the presence of cisplatin

e Chemosensitization of mature phytaspase expressing A549 cells (A549-

Phytaspase cells) towards doxorubicin
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CHAPTER 2

A new uracil phosphoribosyltransferase (UPRT) from A. thaliana
for sensitization of HeLa cells towards 5-fluorouracil

[The major part of this work is published as- Sharmila Narayanan, Pallab Sanpui, Lingaraj Sahoo and Siddhartha Sankar Ghosh
(2016). Unravelling the potential of a new uracil phosphoribosyltransferase (UPRT) from Arabidopsis thaliana in sensitizing HelLa

cells towards 5-fluorouracil, International Journal of Biological Macromolecules. 91, 310-316]
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CHAPTER 2

A New Uracil phosphoribosyltransferase (UPRT) from A.
thaliana for Sensitization of HelLa Cells Towards 5-

Fluorouracil

2.1 Introduction

Uracil phosphoribosyltransferase (UPRT) is an important enzyme in the bacterial
pyrimidine salvage pathway as it catalyzes the formation of uridine 5-monophosphate
(UMP) from uracil and phosphoribosyl-1-pyrophosphate (PRPP) [99, 106]. Although
plant and human UPRT homologs have been reported; human one lacks UPRTase
activity in vitro because of the missing uracil binding region [15]. Instead, human has
uridine kinase (UK), which recycles uridine in pyrimidine salvage pathway. The absence
of functional UPRT in human has been cleverly exploited in ‘suicide gene therapy’ where
bacterial UPRT is employed as a candidate gene for efficient conversion of the prodrug,
5-fluorouracil (5-FU) into more toxic metabolites [6]. On the other hand, emerging
reports indicate the existence of functionally active plant UPRTSs in Arabidopsis thaliana
[99, 100] and Oryza sativa [102]; and elucidation of their full potential as candidate
‘suicide genes’ is still an active area of research. The genome sequencing of A. thaliana
revealed six homologous genes predicted to encode UPRTs—aone is a single nuclear gene
(NM 115250.2) responsible for a putative UPRT (herein denoted as AtUPRT), while the
other five (NM 123452.4, At3g27190, At1g55810, At4g26510 and At3g27440) are
predicted to encode for dual domain (AtUK/UPRTS) having uridine kinase at N-terminal
and UPRT at C-terminal region [99, 100]. Among these six homologs, till now, only
AtUPRT (891 bp) and AtUK/UPRT1 (1.46 kbp) (NM 123452.4) genes have been
characterized for their functionality. Interestingly, the AtUPRT and AtUK/UPRT1
mutant A. thaliana do not show any growth retardation upon 5-FU treatment while the
growth of wild type A. thaliana is significantly inhibited in presence of the prodrug. The
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sequence alignment of UPRT domain of AtUK/UPRT1 with E. coli UPRT (GenBank
accession number-P25532) shows that the binding motifs for PRPP and uracil are well
conserved. Moreover, the AtUPRT and AtUK/UPRT1 have been successfully
demonstrated to functionally complement the UPRT activity in UPRT mutant E. coli
resulting in growth inhibition when treated with 5-FU [99, 100]. From ‘gene therapy’
viewpoint, plant genes seem to be better choice over the bacterial ones as they share
similar degree of complexity with their counterparts in animal kingdom. In other words,
plant UPRTs could be more effective candidates in gene therapy than bacterial ones.
Although the genes have shown functional activity in native plant and even in bacterial
system, the question still remains unanswered whether these A. thaliana UPRTs would
retain their activity in the mammalian cells. In order to address the issue in this chapter,
the AtUPRT gene was cloned and stably expressed in human cervical cancer (HelLa)
cells. The effect of prodrug 5-FU on the proliferation of AtUPRT expressing HeLa cells
was investigated by cell viability assay while induction of apoptosis in those cells was
studied by flow cytometric analysis. Moreover, the alteration in cell cycle of transfected
HelLa cells and possible role of cell cycle related gene cyclin D1 and p21 in response to
5-FU was also investigated. Finally, the survival fraction of AtUPRT-transfected HelLa
cells in presence of 5-FU was calculated and compared with their non-transfected and
vector-transfected counterparts.

2.2 QOutline of the research work

1) AtUPRT gene was amplified from the full length cDNA synthesized from mRNA
isolated from A. thaliana.

2) AtUPRT gene was cloned and subcloned into pGEM-T Easy vector and pEGFP-N1

mammalian expression vector respectively.

3) Transfection of AtUPRT into HelLa cells established stable HelLa-UPP cell lines
expressing AtUPRT.

4) Effect of AtUPRT expression in HelLa cells upon 5-FU treatment was investigated.

5) Survival efficiency of 5-FU treated HeLa-UPP cells was determined.
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Figure 2.1: Schematic representation briefly demonstrating the outline of the research
work carried out on AtUPRT gene expression in HelLa cells and its effect on the cells

upon 5-FU treatment.
2.3 Experimental section
2.3.1 Materials

pGEM-T Easy cloning vector (Promega), pEGFP-N1 mammalian expression vector
(Clontech), Dulbecco's Modified Eagle's Medium (DMEM) cell culture media, Fetal
bovine serum (FBS), penicillin/streptomycin antibiotic, G418 antibiotic, 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), JC-1, 5-FU, methylene

blue and GenElute Mammalian Total RNA Miniprep kit were purchased from Sigma
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Aldrich, Luria-bertani (LB) broth (Hi media), DNA polymerase | and ligation Kit
(CloneJET PCR cloning Kit, ThermoScientific), restriction enzymes (NEB),
Lipofectamine 3000 Transfection kit (Invitrogen), High capacity cDNA Reverse
transcription kit (Applied Biosystem) and Annexin-V FITC Apoptosis Detection kit |
(BD Biosciences).

2.3.2 Instruments

Epi-fluorescence microscope (Nikon Eclipse Ti), FacsCalibur flow cytometer (BD
Biosciences), Real Time PCR cycler (Rotor-Gene Q) and Multimode microplate reader
(Infinite 200 PRO, TECAN)

2.3.3 Bacterial strain
The bacterial cloning strain used for cloning purpose was E. coli DH5a.
2.3.4 Cell lines

Human cervical cancer (HeLa) cells, human breast adenocarcinoma (MCF-7) cells and
human adenocarcinomic alveolar basal epithelial (A549) cells were procured from
National Centre for Cell Science (NCCS), Pune and maintained in DMEM supplemented
with 10% FBS and penicillin (50U/ml)-streptomycin (50 mg/ml).

2.3.5 Primers used for amplification of AtUPRT gene

SLno |Primer Name Type Length Sequence (5'-3")
PGEM-T Easy-
1 UPP-F Forward 21 CTCGTCGAAAATGGCGTGCTC
» | uppr pGEII{\g;TerE:SY- 78 GTATCACTTCACCCAATGTGTTTCTGTC
EGFP-N1-
3 UPPNhel-F P Forward 23 TATAGGCTAGCAATGGCGTGCTC
4+ | uppxnoLr | PEOTENL 24 GCTCGAGTCACTTCACCCAATGTG

Table 2.1: Primers used for amplification of AtUPRT for cloning into pPGEM-T Easy and
PEGFP-N1 vectors.
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2.3.6 PCR conditions used for amplifying AtUPRT gene for cloning into pGEM-T Easy
and pEGFP-N1

1 2 3
94°C 94°C
5.00 min| 1.00 min 72°C 72°C
/ 1.45 min | 8.00 min
54°C
1.00 min
38 Cycles

Figure 2.2: PCR conditions required for amplification of AtUPRT gene. Steps involved
in PCR, 1-Denaturation, 2-Annealing and 3-Extension.

2.3.7 Sequence alignment, homology modeling and molecular docking

To estimate the similarities, the AtUPRT protein sequence was aligned with E. coli
UPRT by ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Based on the further
similarity search using Protein BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE
=Proteins), three UPRT templates were chosen from Protein Data Bank (PDB) such as
Burkholderia pseudomallei UPRT (PDB: 3DMP), E. coli UPRT (PDB: 2EHJ) and
Toxoplasma gondii UPRT (PDB: 1BD4). These templates were used for generating 3D
model of AtUPRT using EasyModeller along with the supporting softwares, Modeller
9.14 and Python 2.7. The generated model quality was verified by Structure Analysis and
Verification server (SAVES) (nihserver.mbi.ucla.edu/SAVES). For the comparative
docking studies, molecular docking of AtUPRT and E. coli UPRT was carried out using
AutoDock 4.0 with uracil and 5-FU substrates for calculating the binding energies. For
homology modeling and docking studies, PyMOL (www.pymol.org) visualization tool

was utilized.
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2.3.8 Full length cDNA synthesis and cloning of AtUPRT gene into pGEM-T Easy

vector

Under optimum conditions of 70-80% humidity at 25°C with the cycle of 16 h day and 8
h night, A. thaliana plant was cultivated in green house. From the well grown A. thaliana
plant leaves, total RNA was isolated using the protocol employed by [107]. A. thaliana
MRNA was used as a template for the synthesis of full length cDNA by RevertAid H-
minus Reverse Transcriptase Kit (Fermentas) using Oligo(dT)18 primers. This full length
cDNA was in turn used as a template for the amplification of AtUPRT gene by
polymerase chain reaction (PCR) with the above mentioned (Section 2.3.6) conditions
using gene specific primers such as UPP-F and UPP-R (Mentioned in section 2.3.5).
Subsequently, the amplified AtUPRT gene was cloned into pGEM-T Easy cloning
vector. The clones were confirmed by DNA sequencing (Xcelris, India).

2.3.9 Subcloning into mammalian expression vector pEGFP-N1

pGEM-T Easy-AtUPRT construct was used as the template for amplifying AtUPRT gene
by PCR with overhangs having restrictions sites for restriction enzymes Nhel and Xhol
using the forward and reverse primers mentioned in section 2.3.5, respectively. To study
the sole effect of AtUPRT, the reverse primer was designed to incorporate the stop codon
resulting in AtUPRT gene expression without the expression of GFP-tag. Subsequently,
AtUPRT gene was subcloned into pEGFP-N1 vector.

2.3.10 Construction of pEGFP-N1(-GFP) control plasmid

For appropriate control experiments, pEGFP-N1(-GFP) plasmid was also constructed by
removing GFP sequence by restriction digestion using restriction enzymes, Nhel and
Notl. This was followed by blunt end formation by DNA Polymerase | and ligation.

2.3.11 Transient expression of AtUPRT in HeLa, MCF-7 and A549 and their viability
following 5-FU treatment

Al the three cell lines (10x10° cells/well) were seeded in each well of 96 well plate and
kept overnight in 5% CO; incubator at 37°C for the complete adherence of the cells.
Plasmid constructs such as pEGFP-N1(-GFP) and pEGFP-N1-AtUPRT, each 100 ng
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were transfected into the seeded cells in serum free DMEM media using Lipofectamine
3000 Transfection kit by employing manufacturer’s procedure. The cells were incubated
in the same transfection media for 6 h for complete transfection. After 6 h of transfection,
media was replaced with DMEM media supplemented with 10% FBS for 24 h. The
media was again replaced with media containing different concentrations of 5-FU. The
transfected HelLa, MCF-7 and A549 were termed as HeLa-UPP, MCF-7-UPP and A549-
UPP respectively. The cell viability, following treatment with 5-FU (1-5 uM for HelLa-
UPP and 2-6 uM for MCF-7-UPP and A549-UPP) for 72 h, was determined by MTT
assay. The whole experiment was carried out in triplicates. Also, the expression of
AtUPRT at mRNA level in MCF-7-UPP was confirmed by reverse transcriptase PCR
(RTPCR). For the AtUPRT expression confirmation at mRNA level in MCF-7-UPP, after
6 h transfection followed by fresh media (DMEM with 10% FBS) replacement for 24 h,
the cells were harvested for mRNA isolation and subsequently the detailed procedure was
followed as it has been mentioned in following section (2.3.12). The cell viability (%)
using MTT assay was calculate by the equation,

(Abs_, - Abs ) of treated cells

o
Cell Viability (%) (Abs, - Abs ) of control cells *

2.3.12 Establishment of stably AtUPRT-expressing HeL a cells (HeLa-UPP)

For transfection, HelLa cells were seeded in the 60 mm culture dish such that
around~70% confluency was reached after 24 h. Then, cells were transfected with
PEGFP-N1-AtUPRT and pEGFP-N1(-GFP) separately using Lipofectamine 3000
Transfection kit as per manufacturer’s protocol. For the selection of stably transfected
cells, the media was replaced with DMEM containing G418 antibiotic (800 ug/ml) after
24 h. The cells were under continuous selection pressure with the gradual decrease in the
concentration of G418 added from 800 pg/ml to 400 pg/ml. For confirming the HelLa
cells stably expressing AtUPRT, non-transfected, pEGFP-N1(-GFP) and pEGFP-N1-
AtUPRT transfected cells were seeded to attain 90% confluency. Total RNA was isolated
from the cells using GenElute Mammalian Total RNA Miniprep Kit according to the
manufacturer’s protocol. Complete cDNA was synthesized from 2 ug of total RNA using
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High Capacity cDNA Reverse Transcription Kit. Using the cDNA template, AtUPRT
gene was amplified by PCR amplification with the conditions mentioned in section 2.3.6
using the forward primer 5-TATAGGCTAGCAATGGCGTGCT C-3' and reverse primer
5-GCTCGAGTCACTTCACCCAATGTG-3.

2.3.13 Cell viability assessment to study the effects of 5-FU treatment

Hela, HeLa-pEGFP-N1(-GFP) and HeLa-UPP cells were seeded (5000 cells/well) in 96-
well plates and grown overnight. Next day, culture media was replaced with fresh media
containing different concentrations of 5-FU (1-9 uM) and incubated for another 72 h.
Post-treatment, cell viability was assessed by MTT assay using the equation as mentioned

in section 2.3.11. All the experiments were performed in triplicates.
2.3.14 Methylene blue staining for analysis of morphological changes

To analyze morphological changes due to 5-FU (4 uM) treatment (24 h,48 h and 72 h),
treated cells were fixed with chilled 70% ethanol, stained with 0.2% (w/v) methylene
blue and observed under bright field microscope. A lower concentration of 5-FU (4 puM)
was chosen in order to observe the morphological changes in the treated cells over a
prolonged period of time (up to 72 h). All the experiments were performed in triplicates.

2.3.15 Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining for

detecting apoptosis

The extent of apoptosis in 5-FU treated HeLa-UPP cells was measured by using Annexin
V-FITC Apoptosis Detection Kit | according to the manufacturer’s protocol. HeLa-
PEGFP-N1(-GFP) and HeLa-UPP cells (seeded at 8 x 10 cells/well in 6-well plate) were
treated with 10 pM (~2 x 1C50) 5-FU for 72 h. The experiment was performed at 10 uM
of 5-FU based on preliminary experiments that demonstrated well-distinguished
apoptosis in HeLa-UPP cells at this concentration. The treated cells were stained with
Annexin V-FITC and Pl (15 min in dark) for assessment in a FACS Calibur flow
cytometer using CellQuest Pro software.
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2.3.16 JC-1 staining to assess mitochondrial membrane potential in apoptotic cells

HelLa, HelLa-pEGFP-N1(-GFP) and HeLa-UPP were seeded (10 x 10* cells/well) in 6
well plate and treated with 4 uM 5-FU for 72 h. Similar to evaluating morphological
changes, 4 uM of 5-FU was chosen to observe the mitochondrial integrity in treated cells
over a prolonged period of time (72 h). After the treatment, the cells were washed twice
with 1X phosphate buffered saline (PBS) and incubated with 5 pM JC-1 in 1 ml DMEM
media at 37°C in dark for 10 min. The JC-1 stained cells were immediately visualized
under Epi-fluorescence microscope for green and red fluorescence [108].

2.3.17 Analysis of cell cycle in HeLa-UPP in response to 5-FU

For cell cycle analysis, HeLa-pEGFP-N1(-GFP) and HelLa-UPP cells, seeded in 6-well
plate (9 x 10* cells/well), were serum starved for 48 h and then treated for 24 h with 10
MM 5-FU. The cells were harvested, washed, fixed, permeabilized and stained with PI
according to previous methods [109] before analysing in a FacsCalibur flow cytometer. It
may be mentioned here that HeLa-UPP cells were treated with higher concentration i.e.
10 uM (~2 x IC50) of 5-FU due to shorter incubation time (24 h) employed for cell cycle
and following gene expression analyses.

2.3.18 Cell cycle related gene expression analyses in HeLa-UPP in response to 5-FU

For gene expression analysis, the cells were treated with 5-FU in similar way as
mentioned in section 2.3.17. Cells were harvested and total RNA was isolated for cDNA
synthesis as mentioned above. Real time PCR amplification of the cDNA was performed
using Rotor-Gene SYBR Green PCR kit and the gene expression measured with Rotor-
Gene Q Software 2.3.1.49.

2.3.19 Clonogenic assay

500 cells of untreated and treated (4 uM 5-FU for 72 h) HelLa,HeLa-pEGFP-N1 (-GFP)
and HelLa-UPP were seeded in 4 ml fresh media in 6 well plate and incubated for 12 days
with media replacement in every 3 days. After 12 days, formed colonies were fixed with
chilled 70% ethanol, stained with crystal violet (4% w/v) for 2 min and then counted.
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The plating efficiency and survival fraction were calculated as [110, 111]:

Plating efficiency (%) = (Number of colonies counted/Number of cells plated) x 100

Survival fraction = Plating efficiency of treated cells/ Plating efficiency of control cells
2.4 Results and discussion
2.4.1 Homology modeling and molecular docking

The result of sequence alignment of AtUPRT with E. coli UPRT protein showed 40.7%
matching score. The uracil and PRPP binding motifs were found to be well conserved
(Figure 2.3). The three-dimensional structure of AtUPRT (Figure 2.4) was generated by
homology modeling and the best model was selected based on dope score. The modeled
structure was verified using ERRAT, PROCHECK and PROVE programs through
SAVES for in silico docking studies. Molecular docking revealed that uracil and 5-FU
were able to bind to the predicted uracil-binding motif of AtUPRT, with the calculated
binding energies of —4.41 kcal/mol and —4.36 kcal/mol, respectively (Figure. 2.5a,b).
These values were found to be lower than those of E. coli UPRT for uracil (—3.8
kcal/mol) and 5-FU (—3.74 kcal/mol) (Figure. 2.5c¢,d), indicating the potential of AtUPRT
as a better candidate for binding 5-FU as compared to E. coli UPRT. Hence, further
experiments were carried out to verify the effect of AtUPRT expression in cancer cells in
vitro, especially in terms of their response toward prodrug 5-FU treatment.
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A. thaliana UPRT MACSIGNAFRCSSDTLRFAPRQQCSSRINPNPSSFLSFNSSPILAQNLGASSSSLSRRTI
E. coliUPRT

A. thaliana UPRT RARTKMAASEASINGSNRMLVEVEPHPLIKEWISVLRNET ECPVFRNAIAELGRLLMYE
E.coliUPRT  ____________________ TVEVKHPLVKHKLGIMRE QDT STKRFRELASEVGSLLTYE

Axgegdk o rakeaa e thok FE k%

A. thaliana UPRT ASREWLETVVGEIMSEMGEASVEF I DFREFIAVVEILRAGLALAERASSVLEANKIYHLG
E.coliUPRT  ATAD-LETEKVIIEGWNGEVEIDQIKGKE-ITVVPILRAGLGMMDGVLENVPSARISVVG

*: ' ¥ ¥ * ] **..:: *' - *:********* s rka ¥ :*

PRPP binding site

A. thaliana UPRT V3RDEKT LLESVY LNKLPDEFFENSRVELYVDEVLATGET INRAMDLLKERGLIVQRIEVI
E. coli UPRT MYRNEETLEPVPYFQKLVSNIDER-MALIVDPMLATGGSVIAT IDLLKKAGCSS--IKVL

' *:*:** * *::** --**:*****:: *::****: * % ***:

Uracil binding site
A. thaliana UPRT CATAAPPALSKINEKFPGLHVYAGI IDPEVNEKGY 1T PRLGDAGDRSFGTE HWVE
E. coliUPRT  vLVRAPEGIAALEKAHPIVELYTASIDQELNERGYIIPGLAIAGDKI FRTK----

E11 L ¥ v aga EL S ARSI N LY N
1 L T ¥ WEawN LI " 1

Figure 2.3: Sequence alignment of AtUPRT gene with E. coli UPRT gene.

Figure 2.4: Homology modeling of AtUPRT using Easy Modeller.
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Figure 2.5: Molecular docking of AtUPRT (a & b) and E. coli UPRT (¢ & d) with uracil

(blue) and 5-flurouracil (cyan) using AutoDock 4.0.

2.4.2 Full length cDNA synthesis, PCR amplification and cloning of AtUPRT gene into

pGEM-T Easy vector

Full length cDNA was synthesized from the isolated total RNA which was followed by
PCR amplification of AtUPRT gene (891 bp) (Figure 2.6a). Amplified AtUPRT gene was
cloned into pGEM-T Easy cloning vector and subsequently confirmed by restriction
digestion using EcoRIl enzyme (Figure. 2.6b). The amplified AtUPRT gene was

confirmed by sequence analysis (Figure 2.7).
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Figure 2.6: a. PCR amplification of AtUPRT gene (891 bp) from cDNA of A. thaliana.
Lane 1- Negative control, Lane M- DNA marker (10 kbp- 200 bp) and Lane 2- PCR
amplified AtUPRT gene. b. Cloning of AtUPRT gene into pGEM-T Easy vector. Lane
M- DNA marker (10 kbp- 250 bp), lane 1- Digested pGEM-T Easy vector (3 kbp)
containing AtUPRT insert (891 bp) by Notl restriction enzyme and lane 2- Uncut pGEM-
T Easy vector containing AtUPRT insert.

31
TH-1569 11610618



Query T8
Sbjct 901
Query 132

Skjct 961
Query 142
Skjct 1021
Query 258

gbjct 1081

Query 312
Sbjcc 1141
query 372

Skjct 1201
Query 432
Skjct 1261
Query 492
Skjct 1321
Query 558
Skjct 1381
Query 412
Skjct 1441
Query &T8
Skjct 1501
Query 732

gbjct 1561

GRTCTCTGCARARTCTRCCCRRRTCTTTATGTTRTCCAGT CRACATTIC
LEPECELEEEE P E R e e e e e e e e et e e rer
GRTCTCTGCARARTCTRCCCRRRTCTTTATGTTRTCCAGT CRACATTIC

AGRTARGAGGCRTGCATACACTIRIT

Rt
LTLELLEELLL LTI TEL ]
AGATRARGAGGCATGCATACACTTATICES

GRRLLGGRCATATCRRAGCRTGRCTTICICI
LECPEEEEETT R P e E e et
GRRRIGGRCATATCRRAGCRTGRCTTIGICI

TTTATTCAGATAGACTCATTCGTICTGRICGT GRAGCATGRICT

TGGET
|||IIII||IIIII||IIIII||IIII LLLLELELETLELET LT
TTTATTCAGATAGRCTCATTCGICTGRTCAT GEAGCATGGTCTTGET

TR
| |
TR

TR
|

R
| |
CRTTCR

[ R |

T
||
T

=
[
=
[

03— 03

ITT
11
ITT
CTGAGR AR AR T AT TACTCCARCAGEAGCTCTATATACCGET T TGATTTCT GEARGE

LEEREPTEEERELTER L e e e e e e e e e e e e e e e e ee
Ol A CARR R T AT TACTCCAACAGEACCTETATATACCGETGTTGATTICTGEAAGR

ARCTTTGTGEGET CTCART TAT TAGRAGT G GARAGC AT GOARRRT GCATTACGEGLTT
LEPERELETEREETEEE Ry |||||||||||||||||||||||||||||||||
CTTIGIGEECTCTCARTTATTAGRAGT GETGARAGCRT GG, GCATTACGCGCTT
oI A AR e T TR A T e C R A TT T CAT CCAC T GAT GECCATART GRRRRRT
LETEEETETEEEET PR rnt | |||||||||||||||||||||||||||||||||
SCTE AR e T TA R R R T GG R CATTCTCAT CCRCCET GATGECEATART G

GCTTATTTATGAGAAGCTTCCTCACGACATATCTGARCGCCATGICCTIGCTICTAGRIC
NNy
AGCTTATTTAT GAGAAGCTTCCTCACGACATATCTGARCGCCATGICCTGCTICTAGRIC

CTGTCTTRGCCACAGETARCTCGECTARTCRAGECATTCRRCTRCTCATACRGARRGE
|
CTGTCTTRGCCACAGETARCTCGECTARTCRAGECATTCRRCTRCTCATACRGARRGE

IG
||
IG
TTCCTGARGCTCACATTATATTCCTCRACCTIATATCE

¥
T T LT
Pl e ety
T T T

TTCCTGAAGCTCACATTATATTCCTCRACCTTATATCE

GR
| |
GR

GRAT
L1]]
GRAT

CH
| |
Ch

—— —
01— 2

Cid=— 2

CT
| |
CT

ra1— 12

G
L
JT
TG AR T TTTCCAGCATTCRR R R TT T GACET CT GARRTAGACCRRTETCTGRRCT

LLLEELEEELEL PR ETEEE L ETLEEL T TEL L TR TTL LT ELT ]
TG RRR T TTT A CATTGARARTTCTGACET CTCARATAGACCAATCTCTGRAALD

A ﬁﬁﬂﬂ ] ﬂﬁ
AT (I

TCGTTACT
||||||||||||||||||||
TCGTTACTTCGGCACCGACG

GR
|

ARGARTTCAGAGTTATACCGGGCTIAGGCGAGTTIGG
|1
GR

LECEEEEEEEEEETE e e e e ey
AAGARTTCAGAGTTATACCGGGCTTAGGCGAGTTTGGED
AGGRRGRCCAGIAG Til

LETTEETETTTET

AGGRRGRCCAGIAG 1574

437

457
1320
237
1380
617
1447

1300

15360

Figure 2.7: DNA sequence analysis of AtUPRT gene cloned into pPGEM-T Easy vector.
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2.4.3 Subcloning of AtUPRT gene into mammalian pEGFP-N1 expression vector and
construction of pEGFP-N1(-GFP) vector control

Finally, AtUPRT gene was subcloned into the pEGFP-N1 (4.7 kbp) mammalian
expression vector and the recombinant clone were confirmed by the release of 891 bp
fragment upon double digestion with Nhel and Xhol enzymes (Figure 2.8a).The
constructed plasmid pEGFP-N1(-GFP) was also confirmed by the single restriction
digestion of pEGFP-N1(-GFP) and pEGFP-N1 vector using Ndel. Based on the smaller
size of pEGFP-N1(-GFP) (3.9 kbp) with respect to pEGFP-N1 (4.7 kbp), it was
confirmed that there was a successful removal of GFP sequence from pEGFP-N1 vector
(Figure 2.8b).

b)

pEGFP-N1 vector
(4.7 kbp)

pEGFP-N1(-GFP)
(3.9 kbp)

5 kb
4 kbp

pEGFP-N1 vector
(4.7 kbp)

AtUPRT
(891 bp)

Figure 2.8: a. Subcloning of AtUPRT gene into pEGFP-N1 mammalian expression
vector. Lane M- DNA marker (10 kbp-200 bp), lane 1- Uncut pEGFP-N1 vector (4.7
kbp) containing AtUPRT gene (891 bp) and lane 2- Digested pEGFP-N1 vector (4.7 kbp)
releasing AtUPRT gene (891 bp). b. Construction of pEGFP-N1(-GFP) control plasmid.
Lane M- DNA marker (10 kbp-200 bp), lane 2 & 3- Digested pEGFP-N1(-GFP) (3.9
kbp) and pEGFP-N1 (4.7 kbp) with Ndel restriction enzyme respectively.
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2.4.4 Transient expression of AtUPRT in HeLa, MCF-7 and A549 and their viability

following 5-FU treatment

The transient expression of AtUPRT was confirmed in MCF-7 cell line (Figure 2.9). The
cell viability assessment of AtUPRT transiently expressing HeLa, MCF-7 and A549 cells
showed that only HeLa cells showed a responsive decrease in cell viability along with the
increase in the 5-FU dose within a lower concentration range (1- 5 uM) (Figure 2.10).
Hence based on the result of the cell viability assays, HeLa cells were chosen for the
further studies on stable expression of AtUPRT and its effect on cancer cells upon 5-FU

treatment.

Figure 2.9: Confirmation of AtUPRT mRNA expression in MCF-7-UPP by RT-PCR.
Lane M - DNA marker (10 kbp-0.5 kbp), lane 1, 5, 6 - B-Actin control of untransfected
MCF-7, MCF-7-UPP and MCF-7-pEGFP-N1(-GFP),respectively, lane 3 - Amplification
of AtUPRT gene (891 bp) on cDNA synthesized from MCF-7-UPP, lane 2, 4 -Absence
of AtUPRT gene amplification in untransfected MCF-7 and MCF-7-pEGFP-N1(-
GFP),respectively, lane 7- Negative control and lane 8- Positive control.
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Figure 2.10: Cell viability assessment of 5-FU treated HelLa-UPP, MCF-7-UPP and
A549-UPP cells which are transiently transfected with AtUPRT gene. HeLa-pEGFP-N1(-
GFP), MCF-7-pEGFP-N1(-GFP) and A549-pEGFP-N1(-GFP) were transfected with
control pEGFP-N1(-GFP) plasmid.
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2.4.5 Establishment of stably AtUPRT-expressing HelLa cells (HeLa-UPP)

The HelLa cells were transfected with pEGFP-N1-AtUPRT and the stable cells were
selected and designated as HeLa-UPP cells. The mRNA expression of AtUPRT in HeLa-
UPP was confirmed by amplifying the gene from cDNA templates synthesized from the
total RNA isolated from the transfected cells (Figure 2.11). However, the expression of
AtUPRT at protein level could not be verified in the present study due to non-availability
of commercial antibodies. Notably, HeLa cells were also transfected with only vector
(PEGFP-N1(-GFP)), denoted as HelLa-pEGFP-N1(-GFP), for appropriate control

experiments.

Figure 2.11: Reverse transcriptase PCR (RT- PCR) confirmation of HelLa cells stably
expressing AtUPRT gene. Lane M- DNA marker (10 kbp—250 bp), lane 1- AtUPRT gene
(891 bp) amplified on cDNA templates synthesized from RNA isolated from HeLa-UPP,
lane 2 & 3- Absence of AtUPRT gene amplification in non-transfected HeLa and HelLa-
PEGFP-N1(-GFP), respectively, lane 4- B-Actin control (254 bp), lane 5- Negative
control and lane 6- Positive control.

2.4.6 MTT assay for cell viability analysis

Interestingly, the viability (%) of HeLa-UPP cells, when treated with 5-FU for 72 h, was
observed to decrease significantly as compared to those of HeLa and HeLa-pEGFP-N1(-
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GFP) cells (Figure 2.12). The IC50 of 5-FU for HelLa, HelLa-pEGFP-N1(-GFP)and
HelLa-UPP cells were calculated to be 6.1 uM, 7 uM and 5.2 uM, respectively. These
results indicated the possibility of exploiting AtUPRT in potential suicide gene therapy of

cancer cells.
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Figure 2.12: Cell viability in non-transfected HeLa, HeLa-pEGFP-N1(-GFP) and HelLa-
UPP cells following 5-FU (1-9 uM) treatment for 72 h. The statistical significance was
estimated by ANOVA using GraphPad Prism 6 software, where *p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001.

2.4.7 Methylene blue staining for morphological changes analysis

The change in morphology of HelLa cells as a result of 5-FU treatment, if any, was
examined by methylene blue staining (Figure 2.13). When compared with non-
transfected HeLa cells, there were no apparent morphological changes observed in non-
treated HeLa-UPP cells due to the expression of AtUPRT only. Moreover, non-
transfected HeLa and HeLa-pEGFPN1(-GFP) cells remained morphologically unaltered
during the 5-FU treatment (Figure 2.13a). However, even at early hours (24 h) of
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treatment with 5-FU, the morphology of HeLa-UPP cells changed from regular shape to
rounded one (Figure 2.13b). The results of the viability assay along with morphological
analysis clearly indicated that the HeLa cells became more susceptible to prodrug (5-FU)
treatment after transfection with AtUPRT.

HelLa HelLa-pEGFP-N1 HeLa-UPP

Figure 2.13a: Methylene blue staining to study the morphological changes in non-treated
HelLa, HeLa-pEGFP-N1(-GFP) and HeLa-UPP at 24 h, 48 h and 72 h.
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24 h
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Figure 2.13b: Methylene blue staining to study the morphological changes in Hela,
HelLa-pEGFP-N1(-GFP) and HeLa-UPP upon 5-FU (4 uM) treatment at 24 h, 48 h and
72 h.

2.4.8 Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (P1) staining for

detecting apoptosis using flow cytometer analysis

As 5-FU is reported to induce apoptosis in a number of cancer cells [112], the mode of
cell death in 5-FU treated HeLa-UPP cells in the present study was investigated by flow
cytometric analysis of Annexin V-FITC/PI stained cells. Figure 2.14 shows that 5-FU
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induced apoptosis in both HeLa-pEGFP-N1(-GFP) (~17%) and HeLa-UPP (~27%) cells.
However, the degree of apoptosis was more pronounced in case of HeLa-UPP cells.
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Figure 2.14: Flow cytometric assessment of apoptosis by Annexin V-FITC/PI staining in
HelLa-pEGFP-N1(-GFP) and HeLa-UPP cells following 10 uM 5-FU treatment showed
17.35% and 27.4% apoptotic cells, respectively.

2.4.9 JC-1 staining to assess mitochondrial membrane potential (Aym) in apoptotic

cells

As the mitochondrial membrane gets affected during the apoptosis, we further examined
the integrity of mitochondrial trans-membrane potential in 5-FU treated HelLa cells by
JC-1 staining (Figure 2.15). Untreated healthy control cells with high Aym displayed red
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fluorescence due to JC-1 aggregates inside the mitochondria. However, compared to 5-
FU treated HelLa and HeLa-pEGFP-N1(-GFP) cells, a majority of the treated HeLa-UPP
cells were observed to emit green fluorescence because of the diffusion of the JC-1

monomer due to the damage in mitochondrial membrane potential.

Untreated cells (72 h) 5-FU treated cells (72 h)

HeLa-pEGFP-N1(-GFP) HeLa

HeLa-UPP

Figure 2.15: Fluorescence microscopic images of JC-1 stained HeLa, HeLa-pEGFP-N1(-
GFP) and HeLa-UPP cells demonstrated the damage in mitochondrial membrane
potential in HeLa-UPP cells following 5-FU treatment.
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2.4.10 Cell cycle analysis using P1 staining

5-FU acts during S phase in cell cycle by interrupting DNA synthesis through the

inhibition of thymidylate synthetase [112]. The cell cycle analysis in the present study
revealed that 5-FU treatment induced G1 and S phase arrest in Hela-pEGFP-N1(-GFP)

cells. Interestingly, 5-FU treated HeLa-UPP cells were observed to be predominantly

arrested at S phase without significant G1 arrest (Figure 2.16). The differential response
of HelLa-UPP and HelLa-pEGFPN1(-GFP) to 5-FU treatment could be due to the
AtUPRTase activity, in addition to the inherent mammalian 5-FU metabolizing

mechanism [16] in Hela-UPP. The presence of AtUPRT is expected to contribute to

higher rate of conversion of 5-FU into 5-FAdUMP which in turn, inhibits more of

thymidylate synthetase, and there by arresting the HelLa-UPP cells at S phase more

efficiently.
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Figure 2.16: Cell cycle analysis showing the G1/S phase arrest of HeLa-pEGFP-N1(-

GFP) cells and complete S phase arrest of HeLa-UPP cells upon 5-FU treatment.
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2.4.11 RT PCR analysis

In order to gain further insight on the 5-FU mediated cell cycle arrest in HeLa-UPP cells,
quantitative real time PCR analyses were carried out for examining the expression of
cyclin D1 and p21, two key genes involved in regulation of cell cycle. Although
upregulation of cyclin D1 in response to 5-FU treatment is reported [113], our results
show the upregulation of p21 also, along with cyclin D1 in 5-FU treated HeLa-UPP cells
(Figure 2.17). Though p21 is known to block the cell cycle at G1 phase, its inhibiting role
is highly dependent on its relative expression level with respect to CDK4/cyclin D1. At
low p21: CDK4/cyclin D1 ratio, p21 promotes the kinase activity of the CDK4/cyclin D1
complex inducing cells to enter into S phase [114]. However, p21 can inhibit the same
kinase activity of the complex blocking the cell cycle at G1 phase at high p21:
CDKd4/cyclin D1 ratio. The lower p21:cyclin D1 expression ratio observed in HeLa-UPP
cells, as compared to the HeLa-pEGFP-N1(-GFP), could be responsible for the noted
increase in the S phase arrest in the AtUPRT expressing HelLa cells. However, the
complete elucidation of the mechanism involved in 5-FU mediated alteration of cell cycle
in HeLa-UPP cells requires further investigation in future.
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Figure 2.17: Quantitative real-time PCR analysis of cyclin D1 and p21 in 5-FU treated
HeLa-UPP and HelLa-pEGFP-N1(-GFP) cells. The statistical significance was estimated
by ANOVA using GraphPad Prism 6 software, where *p < 0.05, **p < 0.01 and ***p <
0.001.
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2.4.12 Clonogenic assay

By performing the clonogenic assay, the survival fraction of HeLa-UPP cells, following
the treatment with 4 uM 5-FU, was calculated to be 0.227 which was 0.53 and 0.62 times
of HeLa and HeLa-pEGFP-N1(-GFP), respectively (Figure 2.18).

HeLa Hela-pEGFP-N1 HelLa-UPP
(-GFP)

Untreated cells

5-FU treated cells

Survival Fraction 0.425 0.366 0.227

Figure 2.18: Clonogenic assay revealing the survival efficiencies of HelLa, HelLa-
pEGFP-N1(-GFP) and HeLa-UPP cells after 5-FU treatment.

2.5 Conclusion

AtUPRT was cloned into mammalian expression vector and expressed in HelLa cells
establishing stable HeLa-UPP cells. The HeLa-UPP cells were efficiently sensitized
towards chemotherapeutic agent 5-FU with 1C50 value of 5.2 pM. Induction of apoptosis
and associated damage in mitochondrial membrane was demonstrated in 5-FU treated
HelLa-UPP cells. 5-FU treatment was also shown to arrest HeLa-UPP cells in S-phase due
to proposed tweaking in the relative expression level of cyclin D1 and p21 by the prodrug
in presence of AtUPRT. Survival efficiency of 5-FU treated HeLa-UPP was found to be
0.53 and 0.62 fold lower than non- and vector-transfected HelLa cells implying the
importance of AtUPRT in augmenting the treatment efficacy of 5-FU in vitro. The work
presented in this chapter 2 is the first report of successful expression of a plant (A.

thaliana) UPRT in human cancer cells with substantial sensitization toward prodrug 5-
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FU. The current investigations could serve as a platform for future studies exploring
potential of plant UPRTS in cancer gene therapy.
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CHAPTER 3

Plant Phytaspase- Heterologous expression and functional
characterization on its Caspase like behavior
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CHAPTER 3

Plant Phytaspase- Heterologous Expression and Functional

Characterization on Its Caspase like Behavior

3.1 Introduction

A family of cysteine-dependent aspartate-specific proteases, widely known as caspases, is
the central module responsible for the initiation and execution of ‘apoptosis’ — a well-
studied form of PCD in animals [115]. Although characteristics hallmarks of PCD in
plants — such as cell shrinkage, DNA fragmentation and release of cytochrome ¢ from
mitochondria — resembles to that of animals, surprisingly they lack structural homologs to
animal caspases. However, recent studies have established the presence of several plant
proteases that are structurally not similar to caspases but demonstrate ‘caspase-like’
aspartate-specific proteolytic activities during PCD in plants [103, 104]. One such
functional analogue of caspases is phytaspase which is a member of the family of serine-
dependent subtilisin-like proteases and capable of hydrolyzing synthetic peptide
substrates of caspase 6, 8 and 9 [104, 105]. Studies on phytaspase from tobacco
(Nicotiana tabacum) reveals that it is produced as inactive pre-proenzyme (pre-
prophytaspase, 763 amino acids, 82 kDa), autocatalytically processed inside the cell into
an active mature enzyme (mature phytaspase, 646 amino acids, 69.5 kDa) and finally
secreted into the ‘apoplast’[103, 104]. Although complete cellular mechanism remains to
be explored, mature phytaspases are believed to enter the cytoplasm and prepare the cell
for PCD under biotic/abiotic stress. Moreover, a strong correlation between phytaspase
expression and plant PCD has been established [116].

A number of plant-based natural products and their derivatives, owing to their therapeutic
potential, have made their ways into clinical trials for treating various diseases [1].
Additionally, potential of various plant genes such as, linamarase [117], thymidine
kinasel1[118], saporin [75, 76] and horseradish peroxidase (HRP) [119] in suicide gene
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therapy have been demonstrated. Alternatively, cancer cells could be sensitized toward
drug-induced apoptosis through overexpression of caspases [101]. In this regard, the idea
of sensitizing cancer cells by caspase-like plant serine proteases such as, phytaspase

seems interesting but remains unexplored.

In addition to the only known protein target VirD2, two human peptide hormones —
gastrin and cholecystokinin (CCK) — have recently been identified as heterologous
substrate of phytaspase [105]. Gastrin and CCK collectively influence the digestive
function with latter having additional role in neuropsychiatric disorders. Inactivation of
these hormones by phytaspase-mediated hydrolysis might lead to therapeutic
implications. The limited knowledge on the structure-function relation of recombinant
phytaspase, coupled with the fact that several therapeutically important plant proteins
including Arabidopsis thaumatin-like protein [120] and Solanum nigrum osmotin-like
protein [121] retained functional activities when expressed in E. coli, has motivated the
present investigation on heterologous expression of phytaspase in bacterial as well as

mammalian system.

Herein this chapter, heterologous cloning of pre-prophytaspase and mature phytaspase
(catalytic domain of the protease) in mammalian expression vector and bacterial
expression vectors were carried out. As the main objective was to analyze the effect of
phytaspase by expressing it into the cancer cells (similar to AtUPRT gene in Chapter 2),
several attempts were made in generating the stable cells lines without success. Herein,
the effect of phytaspase was examined by bacterially expressed recombinant phytaspase
when it was exogenously supplied to the cancer cells. After conducting multiple trials to
express pre-prophytaspase and mature phytaspase as His tagged proteins and GST tagged
proteins bacterially, the systematic studies were carried forward further on GST-mature
phytaspase, which was obtained sufficiently in soluble fraction. The mature phytaspase
(69.5 kDa) was expressed with an N-terminal glutathione S-transferases (GST) tag to
facilitate protein purification through affinity chromatography. Following thrombin-
mediated removal of GST, secondary structure of recombinant mature phytaspase was
studied by circular dichroism (CD). The caspase-like activity of the recombinant
phytaspase was assessed through in silico studies and results were verified by in vitro
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enzymatic assay with synthetic caspase peptide substrates. Extending the study to
evaluate the caspase like activity of recombinant phytaspase on cancer cells, phytaspase
bound Mn doped ZnS QDs-Chitosan NPs (phytaspase-nanocomposites) was established
for delivering phytaspase in to the cancer cells. Following the thorough characterization,
anticancer property of phytaspase-nanocomposites was also determined in human
cervical cancer (HeLa) cells in the presence of chemotherapeutic drug. Finally, the effect
of phytaspase expression on the toxicity of chemotherapeutic drugs on cancer cells was
explored in adenocarcinomic lung epithelial (A549) cells following their transient
transfection with the plant phytaspase.

3.2 Qutline of the work

1) Amplification of pre-prophytaspase gene from the full length cDNA synthesized
MRNA isolated from N. tabacum.

2) Pre-prophytaspase gene was cloned into pPGEM-T Easy vector and subsequently pre-
prophytaspase and mature phytaspase genes were amplified.

3) The amplified genes were subcloned into mammalian expression vectors (pEGFP-N1)
and bacterial expression vectors (pET-28a and pGEX-4T2).

4) Bacterial strain E. coli (BL21) was transformed with pET-28a-pre-prophytaspase,
pPET-28a-mature phytaspase, PGEX-4T2-pre-prophytaspase and pGEX-4T2-mature
phytaspase.

5) Expressions of His-pre-prophytaspase, His-mature phytaspase, GST-pre-prophytaspase
and GST-mature phytaspase were examined in transformed E.coli BL21 (DE3).

6) Purification of GST-pre-prophytaspase and GST-mature phytaspase was carried out.

7) Sequence identification and structural characterization of recombinant GST-mature
phytaspase were determined.

8) In silico studies- homology modeling and molecular docking of recombinant GST
cleaved recombinant mature phytaspase with caspase synthetic substrates were
performed.
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9) Caspase like activity and kinetic parameters of recombinant mature phytaspase with
caspase 8 substrate were determined.

10) Cytotoxic effect of exogenous supply of phytaspase using nanocomposites into the
HelLa cells was evaluated in the presence of cisplatin.

11) Effect of transient expression of phytaspase in A549 cells and their treatment with

doxorubicin were evaluated.
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of recombinant N. tabacum phytaspase and its effect on cancer cells.
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3.3 Experimental section
3.3.1 Materials

pGEM-T Easy vector (Promega), pET-28a vector (Novagen), pGEX-4T2 vector
(Amersham), Restriction Enzymes (NEB), Isopropyl p-D-1-thiogalactopyranoside
(IPTG) (Himedia), Luria-Bertani (LB) broth media (Sigma), glutathione-agarose beads
(Sigma), polyvinylidene fluoride (PVVDF) membrane (Pall), anti-GST antibody (produced
in rat, Sigma), in-Gel trypsin digestion kit (Sigma), ZipTip Cis (Sigma), a-Cyano-4-
hydroxycinnamic acid (CHCA) matrix (Sigma), RevertAid H-minus Reverse
Transcriptase Kit (Fermentas), Soilrite (Keltech Energies Ltd.), anti-rat horseradish
peroxidase (HRP)-conjugated secondary antibody (Sigma), chemiluminescent peroxidase
substrate-1 (Sigma), Thrombin (GE Healthcare), caspase substrates (Sigma), Dulbecco’s
Modified Eagle’s Medium (DMEM) (Sigma), Lipofectamine 3000 Transfection Kit
(Invitrogen), GenElute Mammalian Total RNA Miniprep Kit (Sigma) and Verso cDNA
Kit (Thermo Scientific).

3.3.2 Instruments

MALDI-TOF/TOF mass spectrometer (4800 Pulse, Applied Biosystem), CD
spectropolarimeter (Jasco J-815), Amicon Ultra-15 Centrifugal filter unit (Millipore),
FluoroMax-4 (HORIBA) spectrofluorometer, Quartz cuvette (OPTIGLASS LIMITED
U.K.), UV/visible spectrophotometer (Beckman Coulter, DU 730), Multimode plate-
reader (Tecan Infinite® 200 PRO multimode reader), Gel Documentation System (Gel
Doc™ XR+, Bio-Rad Life Sciences), Transmission electron microscopy (TEM, JEM
2100; Jeol, Peabody, MA, USA), UV-visible spectrophotometer (JASCO V-630),
fluorescence spectrophotometer (LS55, PerkinElmer)

3.3.3 Bacterial strains

Cloning strain used were E. coli (DH5a) and expression strains used were E.coli BL21
(DE3) and BL21 (DE3)-pLysS.
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3.3.4 Cell lines

Non-transformed human dermal fibroblasts (HDFs) cells obtained from Himedia, Cancer
cell lines-A549, HeLa and MCF-7 obtained from National Centre for Cell Science
(NCCS), Pune, were maintained in DMEM containing with 10% FBS and penicillin (50
U/ml)-streptomycin (50 mg/ml) at 37°C in a humidified incubator supplied with 5% CO,.

3.3.5 Primers used for the amplification of pre-prophytaspase and mature phytaspase

genes
Sl.no Primer Name Type Length Sequence (5'-3")
| | Preprophytaspase pGEM-TEAsy-| - oq | CTAGCTTATGTTCAAGAAATTATTATTCC
» | Pre-prophytaspase  |PGEM-TEasy-| | GTTATAATCAGTTCTGTCCTCAC
Reverse
; | Pre-prophytaspase PET-28a AGAAGCTTTGATGGCCAATTGTATTACC
Forward 28
4 | Pre-prophytaspase PET-282 23 | TGCTCGAGTCACAGAGGATCCAC
Reverse
5 | Mature phytaspase pEL-282 26 |ACAAGCTTTGACGACACACACGTCTC
6 | Mature phytaspase pET 282 23 | TGCTCGAGTCACAGAGGATCCAC
7 | Pre-prophytaspase P‘F}fnf;gz 26 | ATGTCGACGATGGCCAATTGTATTAC
8 | Pre-prophytaspase pobx-112 23 | TTCGGCCGTCACAGAGGATCCAC
9 | Mature phytaspase PGEX-T2 23 | CGGTCGACTACGACACACACGTC
Forward
10 | Mature phytaspase Pgﬁiﬁ? 23 | TTCGGCCGTCACAGAGGATCCAC
11 Pre-prophytaspase pl%(gfxsﬁl- 28 |CTCTCGAGTTATGGCCAATTGTATTACC
EGFP-N1-
12 Mature phytaspase p Forward 25 |ACTCGAGAATGACGACACACGTC
Pre-pro & Mature PEGFP-N1-
13| hytaspase Reverse 24 | TTCAAGCTTTCACAGAGGATCCAC

Table 3.1: Primers used for amplification of pre-prophytaspase and mature phytaspase
for cloning into pGEM-T Easy, pET-28a, pGEX-4T2 and pEGFP-N1 vectors.
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3.3.6 PCR conditions used for amplification of pre-prophytaspase and mature
phytaspase genes

Same as mentioned in the Chapter 2 section 2.3.6.
3.3.7 Isolation of total RNA and synthesis of cDNA

Tobacco plant (Nicotiana tabacum) was cultivated in Soilrite in green house under
optimized conditions of 25+ 2°C temperature, 70-80% humidity and 16 h day-8 h night
cycle. Total RNA was isolated from the leaves of well-grown tobacco plant by previously
described procedure [107]. The full length cDNA was synthesized from isolated mMRNA
by RevertAid H-minus Reverse Transcriptase Kit using OligodTig primers.

3.3.8 Cloning of pre-prophytaspase into pPGEM-T Easy vector

The pre-prophytaspase gene was amplified by PCR from the cDNA templates using gene
specific forward and reverse primers (Section 3.3.5). The amplified pre-prophytaspase
gene was cloned into pGEM-T Easy vector and clones were confirmed by DNA
sequencing (DNA sequencing facility, Delhi University South Campus & Xcelris,
Ahmedabad).

3.3.9 Subcloning of pre-prophytaspase and mature phytaspase into bacterial (pET-28a
and pGEX-4T2) expression vector

The genes encoding pre-prophytaspase and mature phytaspase (without signal peptide
and pro-domain) were amplified for subcloning into bacterial expression vectors. PCR
amplification of genes was carried out by using pre-prophytaspase gene containing
pGEM-T Easy vector as template. The forward and reverse primers used for
amplification for cloning into pET-28a were having overhangs for restriction enzymes
Hindlll and Xhol, respectively (Section 3.3.5). Likewise, the primers for cloning into
pGEX-4T2 were having overhangs for restriction enzymes Sall and Eagl, respectively
(Section 3.3.5). The PCR amplified pre-prophytaspase and mature phytaspase genes were
subsequently cloned into pET-28a and pGEX-4T2 vector for expression into bacterial

system with N-terminal His tag and N-terminal GST tag, respectively.
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3.3.10 Subcloning of pre-prophytaspase and mature phytaspase into mammalian
(PEGFP-N1) expression vector

The pre-prophytaspase and mature phytaspase genes were also subcloned into pEGFP-N1
mammalian expression vector. The gene amplification was performed using forward
primer and reverse primer with overhangs containing restriction enzyme sites for Xhol
and Hindlll, respectively (Section 3.3.5). The amplified genes were cloned into pEGFP-
N1 with stop codon between genes and green fluorescent protein (GFP) gene sequences
in the vector, so that GFP protein is not expressed.

3.3.11 Transfection of HeLa and MCF-7 cell lines with pEGFP-N1-pre-prophytaspase
and pEGFP-N1- mature phytaspase constructs

As the primary objective was to study the effect of expression of phytaspase in cancer
cells, transfection of HeLa and MCF-7 cells was carried out with pEGFP-N1-pre-
prophytaspase and pEGFP-N1- mature phytaspase constructs using Lipofectamine 3000
Transfection kit as per manufacturer’s protocol. The procedure for the selection of stable
cell lines was followed as given in Chapter 2 (2.3.12). Failure in obtaining any
phytaspase gene amplification in RT PCR using cDNA synthesized from total RNA of
transfected HeLa and MCF-7 cells, shifted the entire focus from gene therapy to study the
effect of exogenous supply of bacterially expressed recombinant phytaspase on the

cancer cells.

3.3.12 Expression induction of bacterial recombinant His-pre-prophytaspase, His-
mature phytaspase, GST-pre-prophytaspase and GST-mature phytaspase

The PpET-28a-pre-prophytaspase, pET-28a-mature phytaspase, pGEX-4T2-pre-
prophytaspase and pGEX-4T2-mature phytaspase constructs were transformed into E.
coli BL21 (DE3) strain. The pET-28a-pre-prophytaspase and pET-28a-mature phytaspase
transformed cells were grown in 500 ml LB broth media containing kanamycin (50pg/ml)
at 37°C, 180 rpm. Whereas, pGEX-4T2-pre-prophytaspase and pGEX-4T2-mature
phytaspase transformed cells were grown in the same condition in LB broth media
containing ampicillin (100 pg/ml). Once the optical density at 590 nm (ODsgo) reached
0.6, the cultures were grown at 25°C, 180 rpm for 8-10 h in the presence of IPTG (0.5

57
TH-1569 11610618



mM) for inducing phytaspase expression. Finally, the induced cells were pelleted down
by centrifugation (6500 rpm, 5 min, 4°C), re-suspended in lysis buffer (10 mM Tris-HCI
pH 7.5 containing 100 mM NaCl) and lysed by sonication (at 33% amplitude for 35
cycles of 3 s pulse followed by 25 s gap). The cell lysates were centrifuged at 12100 rpm,
4°C for 20 minutes. The supernatants and pellets were separately run in 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel for checking the

expression.

3.3.13 Expression and purification of bacterial recombinant GST-pre-prophytaspase
and GST-mature phytaspase

After several different trials to express His tagged proteins, there was no success in
obtaining His-pre-prophytaspase even when transformed in BL21 (DE3)-pLysS, whereas
GST tag facilitated the stable expression of both the proteins [122]. As it was important
to describe the comparative analysis on the precursor as well as mature enzyme, the GST
fusion system was chosen for the further investigation. Initially, it was necessary to
optimize the conditions for induction as the recombinant proteins were expressed mostly
as inclusion bodies (IBs). The optimized conditions for expressing the GST-pre-
prophytaspase and GST-mature phytaspase in soluble form were 0.5 mM IPTG at 18°C,
(180 rpm) for 16 h. Finally, the induced cells were pelleted down by centrifugation (6500
rpm, 5 min, 4°C), re-suspended in 10 ml lysis buffer (10 mM Tris-HCI pH 7.5 containing
100 mM NacCl) and lysed by sonication (at 33% amplitude for 35 cycles of 3 s pulse
followed by 25 s gap). The cell lysate was spun at 12100 rpm for 20 min at 4°C and the
filtered supernatant was loaded onto affinity column containing glutathione-agarose
beads. After 30 min incubation, the column was washed eight times with 80 ml of 10 mM
Tris-HCI (pH 7.5). Finally, the GST-tagged proteins were eluted from the affinity column
by adding 10 ml of 50 mM Tris-HCI (pH 9.0) containing 10 mM reduced glutathione.
The purified recombinant proteins were analyzed by SDS-PAGE in 12% gel.
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3.3.14 Western blot analysis

Western blot analysis of purified GST-pre-prophytaspase and GST-mature phytaspase
was carried out using anti-GST antibody. Following SDS-PAGE (12% gel) of purified
GST-pre-prophytaspase and GST-mature phytaspase, protein bands were transferred to
polyvinylidene fluoride (PVDF) membrane at 25 V in fresh Towbin buffer for 4 h. The
membrane was blocked by 5% BSA in PBST buffer (0.01 M PBS containing 0.1%
Tween 20) for 2 h. The membrane was then incubated overnight in 7 ml PBST buffer
containing anti-GST antibody at 1:3500 dilution and 4% BSA at 4°C. After thorough
washing with PBST buffer the membrane was incubated with 7 ml PBST buffer
containing anti-rat horseradish peroxidase (HRP)-conjugated secondary antibody at
1:3500 dilution and 3% BSA for 2 h at room temperature. After washing with PBST, the
protein bands were developed by adding chemiluminescent peroxidase substrate-1. The
bands were analyzed under gel documentation system.

3.3.15 Matrix-assisted laser desorption/ionization-time of flight/time of flight (MALDI-
TOF/TOF) mass spectrometry

The amount of GST-pre-prophytaspase obtained was very little even after harvesting
larger volume of culture (1.2 L) which could be due to endogenous protease cleavage or
degradation or autoprocessing into mature phytaspase while its purification. Because of
this difficulty, only GST-mature phytaspase was persuaded for further investigation. The
sequence of GST-mature phytaspase was investigated by MALDI-TOF/TOF mass
spectrometry. The purified protein was digested by in-Gel trypsin digestion kit. The
digested peptides were desalted by ZipTip Cyg according to the manufacturer’s protocol.
The samples were then mixed with CHCA matrix and spotted on to the analyzer plate.
The data acquired from the analysis was searched through Mascot Database (Matrix
Science) [123].

3.3.16 Protease activity assay

Colorimetric protease activity assay of the GST-mature phytaspase was performed by
universally adopted protocol using casein as substrate [124, 125]. Casein is a well-known
protease substrate [126]. GST-mature phytaspase was initially dialyzed against 10 mM
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Tris-HCI (pH 7.5) for 2 h, and then finally against 10 mM sodium acetate buffer (pH 7.5)
containing 5 mM calcium acetate for 3 h. Casein (0.65%) was prepared in 50 mM
potassium phosphate buffer (pH 7.5). About 5 ml of casein substrate in 5 different dram
vials were pre-warmed at 37°C for 5 min. The dialyzed GST-mature phytaspase (6
ug/ml) was added to the substrate in the four vials leaving one blank dram vial and
incubated for 10 min exactly at 37°C. The reaction was inhibited by adding 5 ml of 110
mM trichloroacetic acid (TCA) and then the volumes in all the tubes including blank
were made equal by adding the GST-mature phytaspase and incubated for 30 min at
37°C. Filtered 2 ml supernatant of the above mixture was added with 5 ml of 500 mM
sodium carbonate and finally the colour was developed by adding 1ml of 0.2 N Folin’s
reagent. The colour development was correlated with the tyrosine liberated due to casein
digestion by protease. The darker the blue colour, the more tyrosine liberated and the
more is protease activity. The absorbance was measured at 660 nm. To obtain the enzyme
activity, standard curve was generated by reacting known concentration of standard L-
tyrosine in micromoles with 0.2 N Folin’s reagent.

The enzyme activity was calculated based on the formula,

Enzyme Activity = Tyrosine equivalent released (umoles) x Total volume in assay (ml)

(Units/ml) Time of assay (min) x Volume of enzyme (ml) x Volume taken for absorbance (ml)

3.3.17 Thrombin-cleavage of GST tag from the recombinant mature phytaspase

Several methods are known to cleave the fusion tags from the protein [127]. Thrombin
was employed for enzymatic cleavage of GST tag from mature phytaspase [128] due to
the presence of cleavage site of thrombin in pGEX-4T2 vector while the same being
absent in the phytaspase protein itself (checked through PeptideCutter (ExPASYy)). The
GST-mature phytaspase was first bound to the glutathione-agarose affinity column by
passing the cell lysate through the column and then washed thoroughly (with 70-80 ml
volume of 100 mM HEPES buffer pH 7.4 containing 200 mM NacCl) as described above.
The column was then loaded with 10 ml thrombin cleavage buffer (20 mM HEPES pH
8.0, 100 mM NaCl and 0.5 U/ml thrombin protease) and incubated for 3 h at 25°C with
gentle shaking. Elute containing mature phytaspase protein without GST tag was
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collected in different fractions. The column was once again washed with buffer and
incubated with 10 ml elution buffer (20 mM HEPES pH 8.0 containing 10 mM reduced
glutathione) for 20 min to elute the GST protein tags from the column. Elutes were
collected separately in different fractions. All the fractions were checked by 12% SDS-
PAGE for successful thrombin cleavage of GST tag from recombinant mature
phytaspase.

3.3.18 Secondary structure analysis

Circular dichroism spectroscopy was performed to determine the secondary structural
conformation [129]. CD spectrum of the pure protein GST-mature phytaspase, mature
phytaspase and GST were obtained within far-UV range (240 nm-190 nm) wavelength by
Jasco J-815 CD spectropolarimeter at 25°C using 1 mm pathlength quartz cuvette.
Protein concentration was kept constant at 0.1mg/ml in 10 mM Tris-HCI buffer (pH 7.5)
for all the three samples. CD spectrum for buffer control (baseline) was also obtained
separately. The data were taken in 4 accumulations.

3.3.19 Homology modeling

The homology modeling of the recombinant mature phytaspase was performed in
EasyModeller 4.0 [130, 131] with Modeller 9.14 (https://salilab.org/modeller) and Python
2.7 (www.python.org) as supporting software. Phytaspase was modeled on the templates
PDB:3AFG, PDB:316S and PDB:3VTA (http://www.rcsh.org/pdb), selected based on
sequence homology through BLAST search with the query protein. The quality of
generated protein models were verified by SAVES (http://nihserver.mbi.ucla.edu/SAVES
/) server and the structures were studied in PyMOL (www.pymol.org).

3.3.20 Molecular docking with caspase 8 and 3 substrates

Based on the previous reports, synthetic caspase 8 and 3 substrates were chosen, as the
authors have shown the wild type phytaspase is capable of cleaving caspase 8 substrate
but not the caspase 3 substrate [104]. The PDB format structures of caspase 8 substrate
N-Acetyl-Val-Glu-Thr-Asp-7-Amino-4-methylcoumarin (Ac-VETD-AMC) and caspase
3 substrate  N-Acetyl-Asp-Met-GIn-Asp-p-Nitroaniline  (Ac-DMQD-pNA)  were
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generated using ChemDraw (Cambridge Software). The molecular docking of Ac-VETD-
AMC and Ac-DMQD-pNA with modeled recombinant mature phytaspase structure was
carried out by AutoDock4.2 software (autodock.scripps.edu) [132]. The supporting
softwares required for docking studies were Python 2.5 (www.python.org) and MGL
Tools 1.5.4 (mgltools.scripps.edu). The interactions between phytaspase and the
substrates were analyzed in PyMOL.

3.3.21 Assessment of caspase like functional activity of GST-mature phytaspase and
mature phytaspase

Caspase like functional activity of recombinant mature phytaspase was assessed by
following previous methods with some modifications [133-135]. Synthetic fluorogenic
caspase 8 substrate, Ac-VETD-AMC and chromogenic caspase 3 substrate, Ac-DMQD-
pPNA were chosen as substrates for the assay [136]. GST-mature phytaspase and mature
phytaspase were concentrated and buffer was exchanged with assay buffer (100 mM
HEPES pH 6.5, 500 mM NaCl, 10% sucrose, 0.1% 3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate (CHAPS) and 10 mM dithiothreitol (DTT)) using
Amicon Ultra-15 Centrifugal filter unit (Millipore). Substrate solution (1 ml) of Ac-
VETD-AMC (50 uM) and Ac-DMQD-pNA (2 mM) were prepared in assay buffer.
Different concentrations of proteins (1-6 nM) were transferred to 1.5 ml microfuge tubes
and 50 pl of substrate (for caspase 8 or caspase 3) solution was added to each tube. The
final volume in each tube was made to 1 ml with assay buffer. Appropriate control
samples namely buffer, proteins and substrates were also prepared. The tubes were then
incubated at 30°C for 1 h. After incubation, release of AMC from the fluorogenic caspase
8 substrate was measured by recording fluorescence emission at 460 nm with excitation
at 380 nm in FluoroMax-4 spectrofluorometer using 10 mm quartz cuvette. Similarly,
PNA released from caspase 3 substrate was quantified by measuring absorbance at 405
nm in a UV/visible spectrophotometer using 10 mm quartz cuvette. All the experiments
were performed in triplicates and assessed for statistical significance by one-way
ANOVA (GraphPad Prism 6). The percentage of hydrolysis of substrate was obtained

from increase in fluorescence intensity with respect to substrate control.
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3.3.22 Determination of kinetic parameters of recombinant mature phytaspase

For determining Kinetic parameters, different concentrations (0.5-5.5 puM) of substrate
Ac-VETD-AMC were added to the wells of a 96-well microtiter plate and the total
volume was made to 190 ul in each well with assay buffer. Purified mature phytaspase
(9.37 nM) in volume of 10 pl was added to each well and mixed properly.
Simultaneously, wells for the substrate control and the phytaspase control were also
prepared. The plate was incubated for 1 h at 30°C in dark condition and then the
fluorescence was recorded at 380 nm excitation and 460 nm emission in multimode plate-
reader (Tecan Infinite® 200 PRO multimode reader). The fluorescence reading of the
substrate control was subtracted from the sample readings. The corresponding amount of
AMC release was calculated from the calibration curve (fluorescence vs AMC
concentration). The values of Ky and specificity constant (k../Kym) were calculated by
the non-linear regression analysis using GraphPad Prism 6.

3.2.23 Synthesis of Mn doped ZnS QDs-chitosan NPs (nanocomposites)

Chitosan (0.5 mg/ml) solution of 1ml was added to 9 ml water containing 21 mg zinc
acetate and 12 mg manganese acetate and was heated at 80°C for 15 minutes with
continuous stirring. The reaction mixture was cooled down to room temperature followed
by addition of 1 ml of 16 mg/ml sodium sulfide drop wise with continuous stirring.
Synthesized Mn doped ZnS QDs (1ml) was centrifuged at 8000 rpm three times for
washing thoroughly and finally resuspended in 1 ml of miliQ water. Acetic acid was
added to it until it dissolved the precipitates completely and then sodium tripolyphosphate
(TPP) (4 mg/ml) was added under stirring until the solution turns to milky white in
appearance. The formed nanocomposites were diluted by adding 5 ml of MiliQ water.
Finally, the formed nanocomposites solution was centrifuged at 8000 rpm and the pellet
was resuspended in 6 ml MiliQ water. The absorbance profile of the synthesized sample
was recorded in the UV-visible region on an UV-visible spectrophotometer.
Fluorescence spectrophotometer was used for measuring the luminescence as well as for
the calculating quantum yield (QY). The QY was measured by employing standard
protocol using reference quinine sulfate (in 0.1 M sulfuric acid).
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The equation used for calculating QY,

_ m n
QY= QYr m n

e 2

Where,

n = refractive index,

m = slope of integrated luminescence intensity vs absorbance plot,
r = reference quinine sulfate solution

The quantum yield of standard (QY,) is 0.54 and 1.33 is the refractive index of solvent

water.
3.2.24 Dynamic light scattering (DLS) and Zeta potential study on nanocomposites

Hydrodynamic diameter and net surface charge characterization of nanocomposites was
carried out before and after binding to phytaspase by DLS and zeta potential

measurement using Malvern Zetasizer Nano ZS.

3.2.25 Transmission electron microscopy (TEM) and field emission scanning
microscopy (FESEM) analysis of nanocomposites

For the purpose of imaging synthesized nanocomposites, high resolution TEM was done
at a maximum accelerating voltage of 200 KeV. The samples were prepared by drop-
casting the 8 pl of nanocomposites on carbon coated grid and dried overnight at room
temperature. For FESEM analysis, around 10 pl sample was casted on the glass slide

covered with aluminium foil and allowed to dry.
3.2.26 Binding of phytaspase with nanocomposites

The binding efficiency of negatively charged phytaspase to the positively charged
nanocomposites was calculated by detecting the intrinsic tryptophan fluorescence of
phytaspase at the emission wavelength of 340 nm. Purified phytaspase was concentrated
and dialyzed. Phytaspase (10 pg/ml) was added to different concentration of
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nanocomposites (41-124 pg/ml) in 1X phosphate buffered saline (PBS), pH 7.4 and
incubated at 37°C for 1 h. At the end of the incubation, the samples were centrifuged at
10,000 rpm for 10 min at 4°C. The supernatants were carefully collected without
disturbing the pellet and finally the fluorescence was probed for calculating the binding
efficiency. The formula employed to calculate binding efficiency,

Binding Efficiency (%) = (Phytaspase .. - Phytaspa seFmalf Phytaspase_ . ) x 100

Initial
3.2.27 Intracellular uptake of nanocomposites and phytaspase-nanocomposites by
confocal microscopy

For confocal microscopic imaging, HeLa and A549 cells around 1x10° cells were seeded
on coverslip placed in 35 mm culture plate and incubated for 24 h at 37°C in 5% CO,
incubator for cell adherence. Later, the cells were treated with nanocomposites and
phytaspase-nanocomposites for 3 h. Controls were also set simultaneously. The cells
were washed thoroughly with ice cold 1X PBS and fixed using 0.1% formaldehyde and
70% ethanol. Carefully the coverslip was mounted onto a clean glass slide and sealed.
The cellular uptake of nanocomposites and phytaspase-nanocomposites by Hela cells
was detected by consecutive imaging using confocal microscope (Zeiss LSM 880
microscope) by exciting the cells at 405 nm and recording in 500-700 nm emission range.

3.2.28 Effect of recombinant phytaspase on HelLa cells

In 96 well plate, HeLa cells (3000 cells/well) were seeded and incubated for 24 h in same
conditions as mentioned earlier for attachment of cells. Post incubation, the cells were
treated with different concentration of phytaspase, nanocomposites and phytaspase-
nanocomposites complex in the presence and absence of cisplatin (0.44 pg/ml) for 48 h.
Finally, the effect of phytaspase was evaluated using MTT cell viability assay. The cell
viability (%) was calculate by the equation,

(Abs_, - Abs ) of treated cells

N X
Cell Viability (%) (Abs, - Abs ) of control cells
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3.3.29 Transient expression of phytaspase in A549 cells and their treatment with

doxorubicin

For the reverse transcriptase PCR analysis of transient expression of phytaspase gene in
the cells, A549 cells (17 x 10* cells/well) were seeded in 6-well plate and kept overnight
for adherence. Then, A549 cells were transiently transfected with pEGFP-N1-mature
phytaspase construct and pEGFP-N1(-GFP) vector (designed by eliminating the GFP
from pEGFP-N1 mammalian expression vector, mentioned in Chapter 2 Section 2.4.3)
using Lipofectamine 3000 Transfection Kit as per the manufacturer’s protocol, separately
for 6 h followed by fresh media replacement. After 24 h post transfection, the total RNA
was isolated from pEGFP-N1-mature phytaspase, pEGFP-N1(-GFP) transfected and
untransfected A549 cells by using GenElute Mammalian Total RNA Miniprep Kit.
Complete cDNA was synthesized with mRNA template using Verso cDNA Kit. The
mature phytaspase gene was amplified by PCR amplification on the template cDNA.

For evaluating the effect of mature phytaspase transient expression, 7 x 10° A549 cells
were seeded per well in 96 well plates and grown for 24 h. After 24 h incubation, the
cells were transfected with pEGFP-N1-mature phytaspase construct (100 ng). After 6 h of
transfection, the transfection media was replaced with fresh DMEM containing 10% FBS
and the cells were incubated for another 24 h. Subsequently, the media in each well were
replaced with fresh media containing doxorubicin (8 nM to 35 nM) in triplicates.
Following doxorubicin treatment for 48 h, cell viability was assessed by MTT assay.
Appropriate control experiment was also carried with A549 cells transfected with
PEGFP-N1(-GFP). The percentage (%) of cell viability was calculated using the formula

mentioned in the above section.

3.3.30 Effect of transient expression of mature phytaspase in non-transformed human
dermal fibroblasts (HDFs) cells

Transfection of HDFs cells with pEGFP-N1-phytaspase and pEGFP-N1(-GFP) was
carried out similarly as mentioned above in the case of A549 cells. After 48 h of
transfection, the cells were evaluated for viability by MTT assay.
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3.4 Results and Discussion

3.4.1 PCR amplification and cloning of pre-prophytaspase gene in pGEM-T Easy

vector

Pre-prophytaspase gene was PCR amplified from cDNA templates using gene specific
primers (Figure. 3.2a) and subsequently cloned into pGEM-T Easy vector. The clones
were confirmed by Notl restriction enzyme digestion (Figure. 3.2b).

Figure 3.2: a) PCR amplification of pre-prophytaspase gene from cDNA of Nicotiana
tabacum leaves. Lane M- DNA marker (10 kbp-200 bp), lanes 1 & 2- PCR amplified pre-
prophytaspase gene (2.363 kbp) at 54°C annealing temperature and lane 3- Negative
control. b) Cloning of pre-prophytaspase into pGEM-T Easy vector. Lane M- DNA
marker (10 kbp-200 bp), lane 1- Digested pGEM-T Easy vector (3 kbp) and pre-
prophytaspase insert (2.363 kbp) by Notl restriction enzyme and lane 2- Undigested
pGEM-T Easy-pre-prophytaspase construct.

3.4.2 DNA sequence analysis

DNA sequencing of cloned pre-prophytaspase gene confirmed the cloning of gene of
interest (Figure. 3.3a, b & c).
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3.4.3 Subcloning of pre-prophytaspase and mature phytaspase into bacterial (pET-28a
and pGEX-4T2) expression vector

The gene (2.36 kbp), encoding pre-prophytaspase and the gene (1.94 kbp), encoding
mature phytaspase without pro-domain and signal peptide, were PCR amplified from
pPpGEM-T Easy-pre-prophytaspase construct and subcloned into bacterial expression
vectors pET-28a with N-terminal His-tag and pGEX-4T2 with N-terminal GST-tag.
Release of pre-prophytaspase (2.36 kbp) and mature phytaspase (1.94 kbp) fragments
from the recombinant clones was confirmed by double digestion with HindlIl and Xhol
restriction enzymes for pET-28a cloning (figure. 3.4 a & b) and with Sall and Eagl
restriction enzymes for pGEX-4T2 cloning (figure 3.4 ¢ & d).

71
TH-1569 11610618



Figure 3.4:a. Subcloning of pre-prophytaspase into pET-28a vector. Lane M- DNA
marker (10 kbp-200 bp), lane 1- Digested pET-28a-pre-prophytaspase construct and lane
2-Undigested pET-28a-pre-prophytaspase. b. Subcloning of mature phytaspase into pET-
28a vector. Lane M- DNA marker (10 kbp-200 bp), lane 1- Digested pET-28a-mature
phytaspase construct and lane 2- Undigested pET-28a-mature phytaspase. c. Subcloning
of pre-prophytaspase into pGEX-4T2 expression vector. Lane M- DNA marker (10 kbp-
200 bp), Lane 1- Digested pGEX-4T2-preprophytaspase construct and lane 2-
Undigested pGEX-4T2-pre-prophytaspase. d. Subcloning of mature phytaspase into
pPGEX-4T2 vector. Lane M- DNA marker (10 kbp-200 bp), lane 1- Digested pGEX-4T2-
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mature phytaspase construct and lane 2- Undigested pGEX-4T2-mature phytaspase

construct.

3.4.4 Subcloning of pre-prophytaspase and mature phytaspase into mammalian
(PEGFP-N1) expression vector

Phytaspase genes were also PCR amplified using primers with overhangs for Xhol and
Hindlll for subcloning into pEGFP-N1 (Clontech) mammalian expression vector with
stop codon between phytaspase and GFP gene sequences (Figure 3.5).

Figure 3.5: Subcloning of pre-prophytaspase and mature phytaspase into pEGFP-N1
mammalian expression vector. Lane M- DNA marker (10 kbp-200 bp), lane 1- Digested
PEGFP-N1-pre-prophytaspase construct, lane 2- Uncut pEGFP-N1-pre-prophytaspase
construct, lane 3- Digested pEGFP-N1-mature phytaspase construct and lane 4- Uncut
pEGFP-N1-mature phytaspase construct.
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3.4.5 Expression induction of bacterial recombinant His-pre-prophytaspase, His-
mature phytaspase, GST-pre-prophytaspase and GST-mature phytaspase

In order to obtain, correctly folded active form of phytaspase by avoiding its expression
as inclusion bodies (IBs), the comparative expression analysis was done on His-tag
fusion system and GST-tag fusion system. The induced E. coli BL21 containing His tag
fusion system, showed no traces of expression of pre-prophytaspase even after several
attempt with varying parameters (Figure 3.6a). Additionally, transformation in the
bacterial expression strain E. coli BL21 (DE3)-pLysS did not help in expression. The
expression of His-mature phytaspase was completely observed in I1Bs (Figure 3.6b. lane
5). Whereas in the case of GST tagged phytaspases, there was expression in both the
cases even though it was as IBs (Figure 3.7).

Figure 3.6: SDS PAGE (12%) confirming a. The absence of induced expression of His-
pre-prophytaspase in E.coli BL21(DE3). Lane 1 & 2- Uninduced cells-pellet and
supernatant of E. coli BL21 (DE3), lane 3 & 4- Uninduced cells-pellet and supernatant of
E. coli BL21 (DE3) containing pET-28a-pre-prophytaspase, lane M- Protein marker (10-
180 kDa), lane 5 & 6- IPTG induced cells-pellet and supernatant of E. coli BL21 (DE3)
containing pET-28a-pre-prophytaspase and lane 7 & 8- IPTG induced cells-pellet and
supernatant of E. coli BL21 (DE3). b. The presence of IPTG induced expression of His-
mature phytaspase in E.coli BL21 (DE3). Lane 1 & 2- Uninduced cells-pellet and
supernatant of E. coli BL21 (DE3), lane 3 & 4- Uninduced cells-pellet and supernatant of
E. coli BL21 (DE3) containing pET-28a-mature phytaspase, lane M- Protein marker (10-
180 kDa), lane 5 & 6- IPTG induced cells-pellet and supernatant of E. coli BL21 (DE3)
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containing pET-28a-mature phytaspase showing the expression in pellet as IBs and lane 7
& 8- IPTG induced cells-pellet and supernatant of E. coli BL21 (DE3).

Figure 3.7: SDS-PAGE (12%) depicting induction of GST-pre-prophytaspase and GST-
mature phytaspase expression in E. coli BL21 (DE3). Lane 1 & 2- Uninduced E. coli
BL21 (DE3) containing pGEX-4T2- mature phytaspase cell lysate supernatant and pellet
respectively, lane 3 & 4- Uninduced E. coli BL21 (DE3) containing pGEX-4T2-pre-
prophytaspase cell lysate supernatant and pellet respectively, lane M- Protein marker (10-
180 kDa), lanes 5 & 6- Pellet and supernatant fraction of cell lysate (following
centrifugation) from IPTG induced E. coli BL21 cells containing pGEX-4T2- mature
phytaspase and lane 7 & 8- Pellet and supernatant fraction of cell lysate from IPTG
induced E. coli BL21 cells containing pGEX-4T2-pre prophytaspase.

3.4.6 Purification of bacterial recombinant GST-pre-prophytaspase and GST-mature
phytaspase

Nonetheless, optimization of various induction parameters revealed that an induction
with 0.5 mM IPTG at 18°C and shaking speed of 180 rpm for 16 h resulted in successful
expression of the recombinant GST-pre-prophytaspase and GST-mature phytaspase in
soluble form. GST-mature phytaspase was purified by affinity chromatography and SDS-
PAGE demonstrated prominent bands of GST-mature phytaspase (96.4 kDa) in purified
protein samples (Figure 3.8b).The yield of protein was calculated to be 0.1 mg from 500
ml of bacterial culture (Bradford assay). Similar to GST-mature phytaspase, GST-pre-
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prophytaspase was also obtained in soluble fraction successfully though in very little
amount. To surprise, the protein band in the last wash fraction of washing was observed,
which was corresponding to the size of mature phytaspase (69 kDa). This band was also
visible in all the eluted fractions where there was appearance of mixture of three bands,
one of which was GST-pre-prophytaspase (109 kDa) (Figure 3.8a). Unlike GST-mature
phytaspase, the purification and quantification of GST-pre-prophytaspase was a really
challenging due to the degradation/processing of the protein while its purification.

a)

130 kDa
100 kDa
75 kDa

63 kDa

. GST-pre-prophytaspase
. (109 kDa)

| — Mature Phytaspase

(69 kDa)

P) mMm 1 2 3 4 5 6 7

100 kDa=— > —— — : : — GST-mature phytaspase
75 kDa— — (96.4 kDa)

-— !

= =

Figure 3.8a: Affinity chromatography purification of GST-pre-prophytaspase from
glutathione-agarose beads. Lane M- Protein marker (10-180 kDa), lane 1-4- Eluted
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fractions from the column, lane 5- Last wash after loading and lane 6- Flow through. b.
Affinity chromatography of purified GST-mature phytaspase. Lane M- Protein marker
(10-180 kDa), lanes 1, 2, 3 & 4- Different fractions of purified GST-mature phytaspase,
lanes 5 & 6- Flow through and lane 7- First washing after loading.

3.4.7 Western blot analysis to detect the targeted purification of GST-pre-
prophytaspase and GST-mature phytaspase

The appearance of band (Figure 3.9a) on the blot using anti-GST antibody confirms the
purified GST-pre-prophytaspase, but the inability to detect any band in the lower part of
GST-pre-prophytaspase led to an assumption that the protein may have undergone
degradation at N-terminal by endoproteases while purification or may be self-processing
of mature phytaspase from GST-pre prophytaspase have taken place. However,
commenting on this requires further validation by amino acid sequencing or by
expressing mutant pre-prophytaspase. The purified GST-mature phytaspase (96.4 kDa)
band was also confirmed by western blotting using anti-GST antibody as demonstrated in
figure 3.9b lane 2.

a) b) 4 2
+ — GST-pre-pro- == — GST-mature
phytaspase phytaspase
(109 kDa) (96.4 kDa)

- —GST
(26.9 kDa)
Figure 3.9: Western blot analysis a. Presence of band confirms the purification of GST-
pre-prophytaspase (109 kDa), b. Lane 1- Lower molecular weight band corresponds to
GST protein (26.9 kDa) and lane 2- Higher molecular weight band corresponds to GST-
mature phytaspase protein (96.4 kDa)
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3.4.8 Sequence identification of GST-mature phytaspase using MALDI-TOF/TOF

mass spectrometry

Difficulties in obtaining sufficient amount of GST-pre-prophytaspase, unabled further
characterization of the protein. However, thorough investigation on GST-mature
phytaspase was carried forward. MALDI-TOF/TOF mass spectrum of purified GST-
mature phytaspase (trypsin-digested) is shown in figure. 3.10. The peak values obtained
were searched through the Mascot database and trypsin-digested peptides with masses
(m/z) 1664.9250, 1824.8968, 1990.9564 and 3621.6067 corroborated with amino acid
sequence of phytaspase in NCBI database (gi253740260) with a score of 123 establishing
11% coverage of protein sequence. The mass spectrometric analysis confirmed the

presence of plant phytaspase in the purified protein samples.
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Figure 3.10: MALDI-TOF/TOF spectral analysis of GST-mature phytaspase. Peptides
with masses (m/z 1664.9250, 1824.8968, 1990.9564 and 3621.6067) were found to match

with phytaspase sequence.
3.4.9 Protease activity

A standard curve for known concentration of L-tyrosine amino acid was generated
measuring absorbance at 660 nm. Addition of 1 ml of GST-mature phytaspase (6 pg/ml)
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to the casein substrate released only 0.0044 pmol of free tyrosine (Figure. 3.11). The
enzyme activity was calculated as 0.00484 Units/ml or 0.807 Units/mg. The results
showed very poor digestion of casein by the GST-mature phytaspase.

0.09
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0.01.
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Figure 3.11: Graph for concentration of L-tyrosine (umol) vs absorbance (660 nm).

Black dots- Standard L-tyrosine amino acid and pink dots- Free tyrosine liberated
measures enzymatic activity of GST-mature phytaspase on casein substrate.

Not to limit the determination of non-specific protease activity of GST-mature
phytaspase with only casein, the protease activity was also performed with azocasein and
azocoll substrates. The results showed no protease activity against these substrates.

3.4.10 Removal of GST tag from mature phytaspase by thrombin cleavage

Due to very low protease activity of GST-mature phytaspase for casein (Figure 3.11), and
no protease activity towards azocasein and azocoll, there were two questions raised.
Firstly, does the mature phytaspase have its protease activity towards specific substrate?
or secondly, does the removal of the N-terminal GST tag necessary for the protease to

perform its activity? To address both the questions, it was important to remove the GST
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tag from purified protein by thrombin-mediated cleavage. Figure 3.12 showed gradual
removal of GST tag with increasing incubation time of GST-mature phytaspase with
thrombin. During thrombin cleavage, in addition to cleaved mature phytaspase (70.47
kDa), slight release of GST (26.01 kDa) was also observed which was finally removed by

dialysis.

Figure 3.12: Enzymatic cleavage of GST tag from mature phytaspase by thrombin. Lane
M- Protein marker (10-180 kDa), lanes 1, 2, 3 & 4- Thrombin cleavage of GST tag at 0 h,
1 h, 2 h, and 3 h respectively showing high molecular weight mature phytaspase (70.47
kDa) and low molecular weight GST (26.01 kDa) bands, lanes 5 & 6- Dialyzed mature
phytaspase and lane 7- Elute containing mixture of GST-mature phytaspase (96.4 kDa),
mature phytaspase (70.47 kDa) and GST (26.01 kDa).

3.4.11 Secondary structure analysis of recombinant mature phytaspase

Secondary structure of the recombinant mature phytaspase was analyzed by CD
spectroscopy (Figure. 3.13). Spectral similarity with other plant serine proteases (hirtin,
latex glycoprotein (LGP)) [137, 138] indicated that phytaspase belonged to a+p class of
proteins. Estimation of secondary structure (Yang’s reference) revealed that phytaspase
consisted of 24.9% a-helix, 36.6% B-sheet, 13.3% turns and 25.2% random coil. Since
this was, to the best of knowledge, the first reported CD spectra of any plant phytaspase,
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further analyses were performed with GST and GST-mature phytaspase. The presence of
GST in GST-mature phytaspase resulted in variation of secondary structure with 31.1%
a-helix, 42.3% B-sheet, 0.7% turns and 25.9% random coils. The spectral similarity with
other plant serine proteases indicated that bacterially expressed recombinant mature
phytaspase might retain its functional activity justifying further functional analyses of the

Same.
30 7] - - - GST-mature phytaspase
25, N —— Mature phytaspase
. \ - =GST
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Figure 3.13: CD spectra of GST-mature phytaspase, mature phytaspase and GST in far-
UV region (240 nm-190 nm).

3.4.12 Homology modeling of recombinant mature phytaspase

Templates of three subtilisin-like serine proteases namely cucumisin (PDB:3VTA),
tomato subtilase 3 (SBT3, PDB:316S) and Tk-SP from Thermococcus kodakaraensis
(PDB:3AFG) were selected on the basis of amino acids sequence homology with
phytaspase. Three dimensional (3D) structures of recombinant mature phytaspase was
constructed through homology modeling, based on crystal structures of the closest
homologs, using EasyModeller 4.0. Careful visualization of modeled structures in
PyMOL revealed that the additional 9 amino acid residues at the N-terminus of the
mature phytaspase (resulting from thrombin-cleavage) did not affect the relative spatial
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arrangement of catalytic site of the protein. Alignment of 3D structure of mature
phytaspase with that of SBT3 demonstrated similarity in spatial positioning of catalytic
triad D**-H™2-S*° of recombinant mature phytaspase with SBT3 catalytic triad (D'**-
H?°-5°%) residues [139] in the subtilisin domain (Figure. 3.14a), possibly due to 53.35%
sequence similarity between phytaspase and SBT3. Moreover, this structural
conservation indicated that phytaspase might also feature protease-associated domain and
fibronectin (Fn) Ill-like domain in addition to the predicted subtilisin-like domain
(Figure. 3.14b).

Predicted Proteas
associated domai

=

Predicted
Fibronectin
(Fn) lll-like
domain

Figure 3.14: a. Alignment of secondary structures of recombinant mature phytaspase and
S. lycopersicum SBT3 (generated through EasyModeller 4.0) highlighting the positions of
catalytic triad residues (catalytic triads of phytaspase and SBT3 in yellow and orange;
respectively), b. Modeled 3D structure of recombinant mature phytaspase.

3.4.13 Molecular docking of recombinant mature phytaspase with caspase substrates

In light of existing evidence on canonical catalytic triad of phytaspase, molecular docking
of recombinant mature phytaspase with substrates for caspase 8 and caspase 3 was
performed. When docked to recombinant mature phytaspase (depicted in cyan), Ac-
VETD-AMC (caspase 8 substrate, depicted in black) lay in close contact with predicted

429 214 223
-S N H

active site residues (D*'-H*2-5*) and oxyanion hole residues (N4 and H**®) fixing the

P1 aspartic acid side chain of substrate (Figure 3.15a). These observations corroborated
well with the results obtained in previous docking study with synthetic phytaspase
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inhibitor, Ac-VAD-CHO [104]. The binding energy of recombinant phytaspase for
caspase 8 substrate was estimated to be -3.4 kcal/mol. However, the same was found to
be -0.34 kcal/mol for caspase 3 substrate (Ac-DMQD-pNA) (Figure 3.15b), much higher
than that of Ac-VETD-AMC. With the prediction of favourable binding of Ac-VETD-
AMC to the reactive pocket of phytaspase, in silico studies indicated the potential of Ac-

VETD-AMC in assessing functional activity of recombinant phytaspase.

Figure 3.15: Molecular docking of recombinant mature phytaspase with caspase 8 (Ac-
VETD-AMC) and 3 substrate (Ac-DMQD-pNA). a. Molecular docking of phytaspase
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(cyan) with Ac-VETD-AMC (black) demonstrating that the ligand Ac-VETD-AMC lies
in close proximity to the predicted catalytic triad residues (red). b. Molecular docking of
phytaspase with Ac-DMQD-pNA.

3.4.14 Assessment of caspase-like functional activity

Caspase-like functional activity of the GST-mature phytaspase and mature phytaspase
was assessed by measuring their capability of hydrolyzing synthetic caspase 8 substrate,
Ac-VETD-AMC. Recombinant mature phytaspase — after removal of the GST tag —
showed significant hydrolyzing capability for Ac-VETD-AMC as probed by the
fluorescence of liberated AMC (Figure. 3.16). The results showed that hydrolysis of Ac-
VETD-AMC gradually increased with increasing mature phytaspase concentration. The
Kinetic parameters, Michaelis constant (Ky) and specificity constant (keca/Kn) of mature
phytaspase for substrate Ac-VETD-AMC were also calculated to be 1.587 uM and 4.67
x 10° M™min™, respectively. However, caspase 3 substrate (Ac-DMQD-pNA) was not
hydrolyzed by recombinant phytaspase confirming previously reported observation that
phytaspase is incapable of cleaving caspase 3 synthetic substrates [136]. The results
demonstrated that the removal of N-terminal GST tag was essential to render bacterially
expressed recombinant mature phytaspase with caspase 8-like activity similar to native
plant mature phytaspase.
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Figure 3.16: Measuring caspase 8-like activity of GST-mature phytaspase and mature
phytaspase. Hydrolysis (%) of caspase 8 substrate (Ac-VETD-AMC) is plotted at
different concentrations (nM) of GST-mature phytaspase and mature phytaspase. SC-
Substrate control. Statistical significance was assessed by one-way ANOVA: **p<0.01,
***p<0.001, ****p<0.0001.

3.4.15 Synthesis of Mn doped ZnS QD-Chitosan NPs (nanocomposites)

UV-absorption spectrum showing blue shift in absorption spectra from 340 nm of bulk
ZnS to 304 nm suggested formation of ZnS QDs [140]. There was an increase in the
absorption spectra at 280 nm when the recombinant mature phytaspase was bound to
nanocomposites (Figure 3.17a). Synthesized nanocomposites at 590 nm revealed
characteristic emission peak of the Mn doped ZnS QDs by exciting at 300 nm UV light
[140] as depicted in figure 3.17b. The quantum yield of nanocomposites was found to be

2.1% with respect to the reference quinine sulfate dye.
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Figure 3.17: a. UV-visible absorption spectrum of nanocomposites and phytaspase-
nanocomposites and b. Emission spectrum of nanocomposites displaying bright
luminescence when excited with 300 nm wavelength of light.

3.4.16 Dynamic light scattering (DLS) and zeta potential study

Hydrodynamic diameter of phytaspase-nanocomposites was 217 = 2.15 nm, which was
slightly increased than only nanocomposites (203 £ 2 nm) (Figure 3.18).
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Figure 3.18: Hydrodynamic study using DLS. a) Nanocomposites (average diameter 203

+ 2 nm and b) Phytaspase-nanocomposites (average diameter 217 + 2.15nm).

Zeta potential studies determined that the overall net charge of nanocomposites was
reduced to + 9.84 £ 0.23 mV from + 22.75 £ 1.2 mV when conjugated with phytaspase
(Figure 3.19). In other way, the positive zeta potential value after binding of phytaspase

to nanocomposites will facilitate its delivery into the cancer cells.
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Figure 3.19: Zeta potential studies showed that net surface charge of a. Nanocomposites
was + 22.75 + 1.2 mV, b. Phytaspase-nanocomposites was + 9.84 £ 0.23 mV.

3.4.17 TEM and FESEM analysis

TEM images showed formation of the nanocomposites with a particle size of around
<100nm (Figure 3.20). The FESEM image showing nanocomposites with average
particle size of 102 + 16 nm determined using ImageJ further corroborates the TEM
analysis (Figure 3.21). In both the cases, particle size is suitable for intracellular delivery
[141, 142]. It is important to mention here that the particle size measurement obtained
using TEM and FESEM was smaller than the DLS measurement. The apparent higher
particle size obtained in DLS measurement is due to the formation of hydration layer.
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Figure 3.21: FESEM imaging (at scale bar 1pum) showing formation of nanocomposites
with the average particle size 102 + 16 nm.

3.4.18 Binding efficiency of phytaspase to nanocomposites

Binding efficiency of recombinant mature phytaspase to nanocomposites was calculated
by probing the decrease in fluorescence of supernatant with the increase in amount of
nanocomposites (Figure 3.22). The maximum binding efficiency of phytaspase (10
pg/ml) was found to be 65.5% with the highest concentration of nanocomposites (124
pg/ml) in PBS buffer, pH 7.4.
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Figure 3.22: Binding of constant amount of phytaspase (10 pg/ml) to increasing amount

of nanocomposites (41-124 pg/ml).

3.4.19 Confocal microscopic imaging

The image acquired illustrated the uptake of nanocomposites into HelLa, but not A549

cells (Figure 3.23a & b). Based on the results, HeLa cells were chosen to study the effect

of phytaspase delivery using nanocomposites. Figure 3.23c, showed the entry of

phytaspase-nanocomposites into the HelL a cells. Z-stacking of the image substantiated the

uptaking of phytaspase-nanocomposites complex by the HeLa cells (Figure 3.23d).

TH-1569 11610618
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Figure 3.23: Confocal microscopic images of intracellular uptake of a & b.
Nanocomposites into A549 cells and HelLa cells respectively, c. Phytaspase-
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nanocomposites into HelLa cells and d. Z-stacking of image taken clearly reveals the
successful uptake of phytaspase-nanocomposites by HeL a cells.

3.4.20 Effect of phytaspase-nanocomposites on HelLa cells

Cell viability assay result revealed that even though initially phytaspase-nanocomposites
complex did not exert any effect but at high concentration there was a significant cell
death (Figure 3.24).
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Figure 3.24: Cell viability assessment to evaluate the effect of phytaspase,
nanocomposites and phytaspase-nanocomposites on HelLa cells in the presence and
absence of cisplatin (0.44 ug/ml) after 48 h. Satistical significance was evaluated using
two way ANOVA using GraphPad Prism 6.0, where **p<0.01 and ****p<0.0001.

3.4.21 Transient expression of mature phytaspase in A549 cells

Phytaspase gene was amplified from cDNA synthesized from total RNA isolated from
pEGFP-N1-mature phytaspase transfected A-549 cells using gene specific primers. RT-
PCR analysis on A549 cells transfected with pEGFP-N1-phytaspase revealed the
presence of legitimate band of 1.94 kbp establishing the expression of mature phytaspase
at mRNA level (Figure 3.25). The 1.94 kbp PCR amplified product was seen
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corresponding to the phytaspase gene (positive control). However, the expression of
phytaspase at protein level could not be verified due to unavailability of commercial
antibodies for phytaspase.

Figure 3.25: Confirmation of mature phytaspase expression by agarose gel
electrophoresis. Lane M- DNA marker (10 kbp-250 bp), lane 1- PCR amplified mature
phytaspase gene (1.94 kbp) from cDNA synthesized from pEGFP-N1-mature phytaspase
transfected A549 cells, lane 2- pEGFP-N1(-GFP) vector transfected A549 cells, lane 3-
Untransfected A549 cells, lanes 4 & 5- Negative control and lane 6- Positive control.

3.4.22 Effect of transient expression of mature phytaspase in A549 cells on

doxorubicin treatment

MTT assay confirmed that expression of mature phytaspase itself did not affect the
viability of either A549 cells or non-transformed human dermal fibroblast (HDFs) cells
significantly (Figure 3.26a & b). However, when cells were treated with anticancer drug
doxorubicin, mature phytaspase expressing A549 cells became more sensitized towards
doxorubicin as compared to control (pEGFP-N1(-GFP)-transfected) A549 cells.
Transient expression of mature phytaspase essentially led to 1Cso value of 37.6 nM of
doxorubicin as compared to 45.2 nM in pEGFP-N1(-GFP)-transfected A549 cell (Figure
3.27). This was an interesting finding where a plant mature phytaspase could sensitize
A549 cancer cells to undergo apoptosis at low concentration of chemotherapeutic drug.
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Figure 3.26: a. Cell viability assessment of nontransfected, pEGFP-N1(-GFP) and
pPEGFP-N1-mature phytaspase transfected A549 cells and b. Cell viability of
nontransfected, pEGFP-N1(-GFP) and pEGFP-N1-mature phytaspase transfected HDFs
cells.
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Figure 3.27: Cell viability of mature phytaspase-expressing and vector (pEGFP-N1(-
GFP))-transfected A549 cells following treatment with varying concentrations of
doxorubicin for 48 h. Statistical significance was evaluated by one-way ANOVA, where
***n<0.001.

3.5 Conclusion

In conclusion, successful cloning of tobacco phytaspase in E. coli BL21 (DE3) have been
demonstrated. However, trials made to obtain the pre-prophytaspase in larger amount
were not successful. Therefore, only purified recombinant mature phytaspase was
subjected to further functional characterization. The caspase-8 like activity of the
recombinant phytaspase was not only investigated in silico, but also validated with
enzymatic assay with peptide substrate, Ac-VETD-AMC. This further denoted the
importance of removal of GST tag from mature phytaspase to be active. The
nanocomposites based delivery of phytaspase to the HeLa cells, not only facilitated the
delivery of phytaspase but also was helpful in imaging cellular uptake due to the bright
luminescence of QDs. Fascinatingly at higher concentration, bacterially expressed
phytaspase showed to intracellularly exert significant cell death in the presence of
cisplatin. In addition, transient expression of phytaspase in A549 cells led to sensitization
of the cancer cells toward doxorubicin-mediated PCD. There is no report so far, on

expression of phytaspase in heterologous system. The insight gained in present study may
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not only help in understanding the structure-function correlation of recombinant
phytaspase, but also serve as a platform for future studies for obtaining functionally
active phytaspase using bacterial system avoiding otherwise cumbersome procedure

and/or pertaining the implication of caspases-like phytaspase in future gene therapy.
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CHAPTER 4

Conclusions and Future Prospects

This part outlines the conclusions and emphasizes on the future prospects of work done in
the current thesis. Based on the fact “plants being never surpassed remain valued
medicines”, this whole thesis is a primary complement to the concept of using plant
based genes/proteins, despite the use of general cancer therapeutic strategies-surgery,
chemotherapy and radiotherapy.

Review of scientific literature fairly provides the factual information, which broadly
covers the aspects of cancer therapy. More specifically, the significance of well studied
therapeutically important plant genes and proteins are detailed and the important need of
studying AtUPRT-counterpart of bacterial UPRT and phytaspase-counterpart of

mammalian caspase has been explained here.

It is germane to mention here, AtUPRT and phytaspase genes were for the first time
cloned into the mammalian expression vectors and in addition phytaspase was also
cloned into bacterial expression vectors. Both the genes cloned were verified by
restriction digestion and thorough sequence analysis. Stable expression of AtUPRT in
HeLa cells was validated by reverse transcriptase PCR. AtUPRT expressed into HelLa
cells increasingly sensitized the cells towards prodrug 5-FU. Apoptosis including
mitochondrial apoptosis analysis by flow cytometric analysis, JC-1 staining, methylene
blue staining illustrated the higher rate of apoptosis in cells expressing AtUPRT. S-phase
cell cycle arrest in HeLa cells expressing AtUPRT denoted accelerated rate of conversion
of 5-FU into 5-FUMP which in turn inhibits thymidylate synthetase thereby halting the
cells in S-phase. Survival efficiency analysis revealed that survival fraction of HeLa-UPP
cells was considerably lesser than survival fraction of HeLa and HeLa-pEGFP-N1 which
evidenced that AtUPRT augments the long term effect of 5-FU on HeLa cells even after
the removal of 5-FU.
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The extensive study on phytaspase started with the expression of pre-prophytaspase and
mature phytaspase with His-tag and GST-tag. His-tagged expression was disappointing
as we could not obtain His-pre-prophytaspase. Hence, the focus was shifted to GST
tagged phytaspase expression for the comparative study between pre-prophytaspase and
mature phytaspase as GST is reported to stabilize recombinant protein expression. With
initial efforts of optimizing various parameters, GST-pre-prophytaspase and GST-mature
phytaspase was successfully purified which was validated through western blot analysis.
Further intended studies on GST-pre-prophytaspase was discontinued as obtaining the
large amount of purified GST tagged protein was difficult, which was assumed to be due
to endoproteases degradation activity or auto-processing of GST-pre-prophytaspase into
mature phytaspase. Unable to detect any caspase 8-like activity of GST-mature
phytaspase was overcome by thrombin cleavage of GST-tag from mature phytaspase.
This observation highlights the importance of removal of GST tag from phytaspase for it
to retain its functionality. Intracellular delivery of functionally active phytaspase
conjugated with remarkably luminescent QDs based nanocomposites exerted significant
reduction in cell viability upon cisplatin treatment reflecting the caspase like activity of
phytaspase augmenting the rate of chemotherapeutic drug induced cell apoptosis. With
enormous difficulties in establishing stable expression of phytaspase in various cancer
cells, the attempt of transient expression of phytaspase was fairly successful in A549
cells. Similar to the bacterially expressed phytaspase, mature phytaspase expression in
A549 cells imparted cell death in the presence of doxorubicin.

This work on A. thaliana UPRT and N. tabacum phytaspase provides groundwork in
plant suicide gene/protein therapy by broadening the traditional boundaries of suicide
gene therapy and protein therapy. Due to limited information, it remains difficult to
elaborate the underlying cellular mechanisms which are influenced by these plant
enzymes. However, in future, one could always look for descriptive approach to unveil
the molecular aspects responsible for the cell cycle arrest and apoptosis in cells
expressing AtUPRT and phytaspase. Additionally, aiming to extend the study with other
plant UPRTs and phytaspases will also definitely reinforce this approach which is

promising in the future cancer therapeutics.
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