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ABSTRACT

Virus like particles are multimeric, macromolecular protein assemblies. Capsid
protein of virus self-assembles to form VLPs, devoid of any genetic material.
Structural features of viral capsid makes VLPs amenable for surface
modification, cargo encapsulation and protein engineering for biomedical
applications. Capsid protein of bacteriophage MS2 forms a 27nm icosahedral
VLPs of T=3 symmetry. Change in the subunit interaction causes the change in
symmetry, size and nature of particle, often affecting the applications. A point
mutation of S37P in MS2 VLPs shifts the size of particle to 17nm with T=1
symmetry. However, does the change in size and symmetry influences the

stability and application of mutant MS2 VVLPs remain unexplored.

In this present work, we have prepared and characterized the MS2 VLPs together
with its engineered variant for its stability, cargo loading efficiency and drug
delivery efficacy. Recombinant production of WT and mutant MS2 VLPs have
been achieved by expression in Escherichia coli (E.coli) host. The E.coli purified
MS2 VLPs were subjected to a series of biochemical and biophysical
characterization using plethora of analytical techniques. Interestingly, our results
indicated the higher melting temperature of mutant MS2 VLPs as compared to
WT, attributed to the different sets of interaction such as hydrogen bonding or

hydrophobic interaction at interdimer angle. Furthermore, our findings
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highlighted that the thermal unfolding of MS2 VLPs follows a sequential process
involving particle destabilization, nucleic acid exposure/melting, and
disassembly of VLP. This observation underscores the disruption of cooperative
intersubunit interactions and protein—nucleic acid interactions, shedding light on

the mechanism of heat-induced VLP disassembly.

VLPs offer an advantage for encapsulation of poorly soluble drugs, due to
hydrophobic nature of interior core of capsid. MS2 VLPs have been utilized for
encapsulation of diverse cargoes via conjugation or passive uptake. In the next
part of this work, curcumin, a highly hydrophobic flavonoid molecule has been
encapsulated in interior volume of WT and mutant MS2 VLPs. The results
depicted the large interior volume of WT, encapsulating more number of
curcumin molecules per particle as compared to small size mutant MS2 VLPs.
Peptide attachment on the surface of mutant MS2 VLPs suggested for the
enhanced surface accessibility of amino acid for conjugation and higher binding
affinity to target cells. Together, our work established that mutant MS2 VLPs has
potential to be fabricated or modified likewise WT MS2 VLPs. Furthermore, in
vitro delivery efficiency of WT and mutant MS2 VLPs were characterized by
targeting triple-negative breast cancer (MDA-MB-231) cells. Fabricated and drug
formulated WT and mutant MS2 VLPs showed comparable results on cell

targeting, biocompatibility, cytotoxicity and apoptosis assessment. Moreover,



mutant-tlyP1 MS2 VLPs depicts higher binding and apoptosis induction, given
to higher uptake by cells due to small size of particles. In conclusion, present
work characterized and established the engineered variant of MS2 VLP as a

potential nanocarrier, in agreement with versatile application of WT MS2 VLPs.
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LIKS

IR BT HS Wi forat ot SrgafRe el ¥ ed, IRy S 01 91 dia! (VLP)
FIH & AU o tHAd 8id1 81 IRY S & (VLP) A iR HpAiaager UeH
sriaferat 81 IRRA P Bl WeHIdd faRva dieedt &1 dds =i, Sl
PR 3R TRRfSHA SYART & g UidH SohfaieT & fog Iuged a=mdl §|
SIS MS2 BT HRTS UIEH T=3 FHETUAT BT 27nm IHTeSd VLP T B
Fagfie $eaR H uRad & Bl Bt GRS, bR 3R UHfa § gRad- g1 g, s
SRR VAT DI GHIfAd HRaT 8| MS2 VLP B S37P &1 U faig SaRac B0l & 3HR

I T=1 FHETAN & Y 17nm TR RIFIART BT & | STeliics, FT TR 3R FHRGaT J
gRacd SaARadf MS2 VLP &1 fRURAT 3R Sy &1 THIfAd 3l 8 ? WT 3R IaRadf
MS2 VLPs & U: TaId STG o1 TRIRTR el (E.coli) BotaM & ffifd forar mar g1
E.coli & MS2 VLPs I faRWUNaA® ddb-idh] &1 4aal &I SUAN IR 3P oid
TS SR Sa et e o1 quf= fasar mar o feaey 91 I8 § fos g9 afoma
= WT &t gaT § SARTdT MS2 VLPs & 3 a0 e o dIIEH &1 31 o, i fob

ISR PV WR RIS SIS U1 ERS DD SeaeH ol fAfid YR & Feva=H &
o SieR 81 599 3idTal, AR hSf 3 39 91d TR UHTRT STaT fb MS2 VLPs BT YHd
WIS Th 3h i Ufhal BT IR Sl & ord w7 HfRRET, fdas s
TRIUISR/fgeT 3R VLP &1 fage e 81 98 S/adie- JedhR] Scuayge §eyasH
3R UIEH-fdas RIS SRaRM & faues &) Xdifdhd Hd1 & MS2 VLPs BT JUTNT
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g a1 Afspg sues & Arend ¥ fafdy &1l & THewgaRH & o fear mar g1 39
F™ & T UM B, SR, T6 AN FRgbIed KaHSS 30 B WT 3R
IARTdl MS2 VLPs &1 3ffdlRe AR § TidbWde fbar T g1 oot 3 wT &t S8l
3{TdTes AT DI G-I, Sl BIC DR &b IR MS2 VLPs B gal & Ul BT 3HfIH
= § SR ST P TIHRAC Rl g1 SR MS2 VLPs ®I ¥dg W UPRS
TG A TG & fore sl TR & 961 g3 de Ugd SR a&d SiRiarsi & e 3=
deF ST &1 JIa 31| 1Y H, §URT ®1F g W4 foear fas Iaiadt Ms2 vips
@I WT MS2 VLPs & 90 a1 Mt a1 I=nfid fosar S 9obdt 51 39 Srafmal, WT 38R
IARTdT MS2 VLPs &1 31 fac! fSelia’t g&rdT &1 feud-=Hifed sike ¥R (MDA-MB-231)
HIRIBTSN BT Aerd P fed fovan mam um FfHa ok gar ¥ R WT 8k IaRadt
MS2 VLPs d SHIRIPT T&IPUI, Sig-HiTcd], geleliaic] 3R TPy 3idbe W
qairg aikome famm| g9 3amdl, SARadi-tlyP1 MS2 VLPs 3= ¢ 3R TUIPIRM
TRUT & GRIAT &, Sl BN o BIC HBR & HRUT HIABISH §RT I AR 1 e
S g1 Fshs H, gddE &1 3 WT MS2 VLPs & SgH%! SVaNT & 91y 9gAfd H, Ue
HHTTAT AHIBRAR & TG H MS2 VLP & SIS HhRUT B1 fIRWdT SR RITGHI 11

Vil



TABLE OF CONTENTS

Contents

Certificate
Acknowledgements
Abstract (English + Hindi)
Table of Contents

List of Figures

List of Tables
Abbreviations and symbols
Chapter 1: Introduction
1.1: Introduction

1.2: Objectives

Chapter 2: Review of Literature

2.1: VIRUSES

2.2: VIRUS-LIKE PARTICLES

2.2.1: Structure and assembly

2.2.2: Characterization of VVLPs

2.2.3: Functionalization or modification of VLPs

2.2.4: Application of VLPs

XV-XViii

XiX

XX-XXI

9-21

9-13

13-15

15-16

17-20

ix| Page



2.2: BACTERIOPHAGE MS2

2.3.1: Bacteriophage MS2 VLPs

2.3.2: Physiochemical characteristics of MS2 VLPs

2.3.3: Application of MS2 VLPs

Chapter 3: Construction of VLPs derived from capsid protein of
RNA bacteriophage MS2

3.1: INTRODUCTION
3.2: RESULTS AND DISCUSSION
3.2.1. Cloning of MS2 capsid protein gene in pET28a vector
3.2.2. Site-directed mutagenesis (SDM) for MS2 (S37P) mutant

3.2.3. Optimization of protein expression of wild type MS2 capsid
protein

3.2.4: Isolation and purification of WT and mutant capsid protein
3.2.5: Characterization of purified WT and mutant MS2 VLPs
3.3: SUMMARY

3.4: EXPERIMENTAL DETAILS

3.4.1: Construction of pET-28a-MS2 construct

3.4.2: Site — directed mutagenesis to construct MS2(S37P) mutant
3.4.3: Recombinant protein expression of MS2 capsid protein

3.4.4: Isolation and purification of expressed MS2 capsid protein

20-22

22-23

23

24-25

26-41

27-28

28-38

28-29

30

31-33

33-34

34-36

36

37-41

37

37

38-39

39

x|Page



3.4.5: Protein electrophoresis

3.4.6: Dynamic Light Scattering

3.4.7: Transmission Electron Microscopy
3.4.8: Native Agarose gel electrophoresis

Chapter 4: Investigation of the stability of wild type and mutant
MS2 VLPs

4.1: INTRODUCTION
4.2: RESULTS AND DISCUSSION

4.2.1: Heat-induced changes in the secondary structure of MS2 capsid
protein

4.2.2 Analysis of tertiary structural changes in MS2 VLPs on thermal
unfolding

4.2.3: Effect of temperature on quaternary structure and disassembly
4.2.4: Calorimetric analysis of WT and mutant VLPs

4.3: SUMMARY

4.4: EXPERIMENTAL DETAILS

4.4.1: Circular Dichroism Spectroscopy
4.4.2: Intrinsic Fluorescence Spectroscopy

4.4.3: ANS ( 8-anilino-1-naphthalene sulfonic acid) based Extrinsic

Fluorescence Assay
4.4.4: Differential Scanning calorimetry (DSC)
4.4.5: Transmission electron microscopy (TEM)

4.4.6: Dynamic Light Scattering (DLS)

40

40

41

41

42-73

43-44

45-71

45-47

47-52

52-60
61-67
68-69
69-73
69-70

70

71

71

72

72

xi|Page



4.4.7: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

4.4.8: Native Agarose gel electrophoresis

Chapter 5: Assessment of drug encapsulation efficacy and surface
modification of MS2 VLPs

5.1: INTRODUCTION

5.1.1: Modification of VVLPs

5.1.2: Fabrication of MS2 VLPs
5.2: RESULTS AND DISCUSSION

5.2.1: In vitro assembly of WT and mutant MS2 VLPs

5.2.2: Encapsulation of hydrophobic drug

5.2.3: Optimization of surface functionalization of WT and mutant
MS2 VLPs

5.2.4: Characterization of peptide-conjugated WT and mutant MS2
VLPs

5.3: SUMMARY

5.4: EXPERIMENTAL DETAILS

5.4.1: Purification of disassembled WT and mutant coat protein
5.4.2: In vitro assembly of MS2 wild type and mutant VLPs

5.4.3: Encapsulation of hydrophobic cargo within MS2 wild type and

mutant capsids

5.4.4: Surface modification of VLP capsids with targeting peptide

72-73

73

74-92

75-77

75-76

76-77

77-93

77-79

80-82

82-85

86-87

88

88-92

88-89

89

90

91

Xi|Page



5.4.5: Mass spectrometry:

5.4.6: Dynamic Light Scattering:

5.4.7: Transmission Electron Microscopy:
5.4.8: Protein electrophoresis:

Chapter 6: Evaluation of in vitro drug delivery efficiency of drug-
formulated MS2 VLPs

6.1: INTRODUCTION

6.1.1: Drug delivery system

6.1.2: MS2 VLP as drug delivery nano-carrier
6.2: RESULTS AND DISCUSSION

6.2.1: In vitro drug release from WT-tlypl-curcumin and mutant-
tlypl-curcumin MS2 VLPs

6.2.2: Binding of WT, WT-tlyP1, mutant and mutant-tlyP1 MS2 VLPs
on MDA-MB-231 cells

6.2.3: Internalization and cellular uptake of curcumin, WT-tlyP1-

curcumin and mutant-tlyP1-curcumin in MDA-MB-231 cells

6.2.4: Biocompatibility of WT, WT-tlyP1, mutant and mutant-tlyP1

MS2 VLPs on normal and cancer cells

6.2.5: Anti-cancer effect in MDA-MB-231 cells
6.3: SUMMARY

6.4: EXPERIMENTAL DETAILS

6.4.1: Cell cultures and in vitro experiments

6.4.2: In vitro cell cytotoxicity

91-92

92

92

92

93-115

94-105

94-95

96

97

97-98

98-100

101-104

105-106

106-109

110

111-115

111

111-112

xiii|Page



6.4.3: Confocal laser scanning microscopy (CLSM) studies
6.4.4: Cell uptake of free and encapsulated drug in MS2 VLPs
6.4.5: Apoptosis assay

6.4.6: In vitro drug release assay
Chapter 7: CONCLUSION AND FUTURE PROSPECTS

7.1: CONCLUSIONS

7.2: FUTURE PROSPECTS

REFERENCES

APPENDICES

Appendix I: List of chemicals and equipment

Appendix Il: Media and Antibiotic preparation

Appendix IlI: Solutions and Buffers

Appendix IV: Gene sequences

PUBLICATION AND PRESENTATION

AUTHORS’ RESUME

113-114

115

114-115

115
116-120

116-119

119-120

121-136

137-149

138-141

142-143

144-148

149

150-152

153-156

xiv|Page



S.No.

Figure 1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4
Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

LIST OF FIGURES

Figure legend

Crystallographic structure of MS2 WT VLP and
mutant S37P VLPs

Schematic of three general assembly pathway for

virus capsids

Schematic representation of VLP production

Summary of different methods and possible ligands

for VLPs modification

Assembly pathway of bacteriophage MS2.
Cloning of MS2 capsid protein gene
Site-directed mutagenesis for S37P mutant

Optimization of protein expression of MS2 WT

capsid protein
Overexpression of WT and mutant capsid protein

Isolation and purification of recombinant WT and
mutant MS2 VLPs.

Characterization of purified WT and mutant MS2
VLPs

Page No.

3

11

13

15

22
29
30

32

33

34

35

xv|Page



Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5
Figure 4.6

Figure 4.7

Figure 4.8
Figure 4.9
Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Thermal unfolding of WT and mutant ‘mini’ MS2
VLPs monitored by far-UV CD spectroscopy.

Thermal unfolding transition curves of WT and

mini MS2 VLPs using near-UV CD spectroscopy.

Heat-induced tertiary structure changes in WT and

mutant ‘mini’ MS2 VLPs by Intrinsic fluorescence

Thermal unfolding of WT and mini MS2 VLPs as
monitored by ANS binding.

Native agarose gel electrophoresis of heated VLPs.
RNase treatment of heated samples

SDS-PAGE gel electrophoresis after fractionation
of heated VLPs

Dynamic light scattering measurements
DSC analysis of MS2 WT and mutant mini VLPs
DSC analysis of TR-DNA

DSC analysis of scan and rescan of WT and mini
MS2 VLPs

TEM micrographs of heated MS2 VLPs

Schematic illustration of the heat-induced changes

in VLPs derived from bacteriophage MS2

46

47

49

52

54

58

60

60

62

64

65

67

69

xvi|Page



Figure 5.1

Figure 5.2
Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 6.1.1

Figure 6.1.2

Figure 6.2

Figure 6.3

Figure 6.4

Strategies for cargo encapsulation and bio-

conjugation
In vitro assembly of WT and mutant MS2 VLPs
Encapsulation of hydrophobic drug curcumin

TEM micrograph of in vitro assembled and drug-

encapsulated

Optimization of surface functionalization of WT
and mutant MS2 VLPs

Mass spectrometric validation of covalent

attachment of peptide on MS2 VLPs

Characterization of peptide-conjugated WT and
mutant MS2 VLPs

Evolution of drug delivery system

Schematic of various smart and modulated drug

delivery vehicle

In vitro drug release assessment of curcumin from

WT-tlyP1-curcumin and mutant-tlyP1-curcumin

Confocal microscopy for cellular binding of tlyP1-
conjugated VLPs to MDA-MB-231 cells

Confocal microscopy for cellular internalization of
curcumin to MDA-MB-231 cells

76

79

81

82

84

85

87

94

95

98

100

102

xvii|Page



Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Cellular uptake of curcumin to MDA-MB-231 cells

using flow cytometry.
Biocompatibility analysis

Cytotoxicity evaluation of curcumin on MDA-MB-
231 cells by MTT assay

Apoptosis assessment by Annexin-Pl assay using

Flow cytometry

Schematic representation of cell death by drug
formulated and fabricated MS2 VLPs

104

106

107

109

110

xviii|Page



LIST OF TABLES

S.No. Table legend Page No.

Table 1 Summary of advantages and disadvantage of using 12

different expression system for VLPs production

Table 2 Diverse applications of Virus-like particles 17-19

Table 3 Application of MS2 virus like particle 24-25

Table 4.1 Hydrodynamic radii of WT and mutant-MS2 VLPs 55

upon heating at different temperatures.

Table 4.2 Protein concentration of heated samples at different 56

temperatures

Table 4.3  Calorimetric enthalpy (AH) derived from the area of 62
peak of the DSC thermogram of WT and mini-MS2

VLP

Table 4.4 Melting temperatures of WT and mini-MS2 VLPs 67

obtained from different biophysical methods

Table 6.1 IC50 of curcumin, WT-tlyP1-curcumin and mutant- 107

tlyP1-curcumin in uM concentration

Xix |[Page



%

°C
A280
A260
ATP
APS
BSA
bp

CD
CVv
Cm
DTT
EDTA
g
GdnHCI
h
IPTG

kb

kDa
LA

LB

ABBREVIATIONS

Percentage

Degree Celsius

Absorbance at 280 nm

Absorbance at 260 nm

Adenosine triphosphate
Ammonium persulphate

Bovine serum albumin

Base pair

Circular dichroism

Column volumes

Chloramphenicol resistance marker
1, 4-Dithiothreitol
Ethylenediaminetetraacetic acid
Gram

Guanidium Hydrochloride
Hour/hours

Isopropyl- - D-1-thiogalactopyranoside

Kilobase pair

Kilodalton
Luria Agar

Luria Bertani broth

xx|Page



mg

min

ml

mM

MRE

MW

Ni-NTA

nm

OD600

O/N

PAGE

PCR

PMSF

nm

RT

WT

Molar

Milligram
Minute
Milliliter
Millimolar

Molar residue ellipticity

Molecular weight
Nickel-nitrilotriacetic acid
Nanometer

Optical density measured at 600 nm
Overnight

Polyacrylamide gel electrophoresis
Polymerase Chain Reaction
Phenylmethylsulfonyl fluoride
Revolution per minute

Room temperature

Wild type

xxi|Page



