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ABSTRACT

Membrane active peptides (MAPs) have attracted considerable attention due to their
impressive ability to interact with lipid bilayers, holding great promise for revolutionary
applications in the field of medicine. This thesis conducts a comprehensive exploration of MAPs,
focusing primarily on cell-penetrating peptides (CPPs) and antimicrobial peptides (AMPs). It
unravels their intricate design, cellular uptake mechanisms, and potential applications in targeted

drug delivery.

In the first section, the research concentrates on developing a novel CPP, Engraulisin,
sourced from marine origins. This peptide demonstrates effective cellular penetration and cargo
delivery without significant cytotoxicity, particularly showcasing uptake in Hel.a cells at a
concentration of 5uM. Notably, Engraulisin exhibits potent antimicrobial properties against
MRSA at a concentration of 10uM, indicating its potential for addressing challenging infections.
The section concludes by delving into the fundamental mechanisms underlying CPP's membrane
penetration, emphasizing electrostatic interactions, hydrophobic forces, and specific peptide

sequences.

The second section investigates novel short Latarcin-derived peptides (sLtcs) chosen for
their unique characteristics as potential antimicrobial agents. Systematic experiments reveal sLtc
4 and 5 as promising candidates, displaying broad-spectrum antimicrobial activity at micromolar
concentrations, both at the membrane and intracellular levels. The antimicrobial potential and
mechanism were analysed, revealing multi-target activities, including changes in membrane

potential, ROS production, and membrane disruption. Compared to parent sequences, the pattern



of activity also appeared to change considerably, enhancing our understanding of sLtcs

multifaceted antimicrobial capabilities.

The final chapter introduces a novel cell-penetrating prediction tool developed through
large language models and machine learning techniques. Recognizing the crucial need for accurate
prediction of peptide cell-penetrating capabilities, CPPsite-1 and CPPsite-3 are presented as
predictive models capable of generalizing well to diverse peptide characteristics. Rigorous testing
and validation ensure the tool's accuracy, providing a reliable method for predicting the cell-

penetrating potential of peptides.

Overall, these objectives collectively advance the field by introducing novel peptides like
Engraulisin and sLtcs, showcasing their potential in drug delivery and antimicrobial applications.
The innovative predictive tool contributes to streamlining the identification of promising
candidates, paving the way for the rational design of peptides with enhanced cellular uptake

capabilities.

Vi



A

A A doeEsE (Ud) A fafE aEaud & @y R a @ I
TRl &THdT & hIRUT Sl €A 3ThiNT fhar §, St Rfrcar & &7 & FifasRy
AT & T o3T ater 1 Ig NG AT §9 F der-dafar deegsy ()
3R QIO deeTssd (VOHAd) WA hfad FIT §U TATH HiY A et
I &1 Tg 3eToh Sifeel f3orse, efe s oF 3R aferd gar faavor & denfad
3T &l FSAPR AT B

UEl WS A, 3T FHGT Hel A UITd Ueh Adiel Wi, WRINA faehfad siet
W e &1 TE Irss HgeaqUl AISCIRNFATHE & e gorrdl defork yaer 3R
roif f3eliadr & gefld &ar g, [ady &9 & 5uM $T Therdl IR goll hIfAemr3ii &
HTRATOT &I YETd Fam gl AT T &, @RISR 10uM Fr Agdr TR THAIRTAT
& T@ed rferdemell JMURIET 70T Gefele Xdm &, S YAtcqoT Hshavil i Halferd
&Y T SHDT &THAT &l SATAT &1 Tg Ws Ay & Bioel U & idfiied Hereld
JAl W URIRT STela, SoldciTcicah Seiaeld, gissIhifasd gai 3R fafdse dcerss
IThAT TR SR G FATCT el B

eI W Hemfa AaMouRIel Tolel & &9 H IoAehl IS AATABT & foIv g1 1w
YA oY AR AA-Goa] ITTSSH (THUACIAT) T ST AT 81 g iedd gamen
T THTACHT 4 3R 5 &l RIee 3FAGART o &9 H IdT IoldTl g, ST Bieelr 3R
SEAegeR gl TR W ABHIACR Higdl H A T JMoRedr aifafarer
Yeia & &1 ORI &1ar 3 o &7 faeeryor famam o, forwet e &t
IRATH 3cqret AR el caaene # qRad- afed sg-cfed aMfafaferdt s gerar
B3| Fel 3ThAl F Jorom &, TfAfafr o1 Yot off Frfy seercr g3m fawrg fear,
fSrE THTEERT 1 SEAIHT QORI eIt & IR F gA TAA F e 63




HIAH AT d3 AT Als 3R AT @ AT deholiodl & ALIA & ApfAd Th
39ATE Jo-AF A Jfasaamlt 3uaor &1 IRTT &ar §1 Uteiss Ad-HH A &7HAr3
Hr aéh sfasaarol fr FHgcaqul IHMaRIHAT F eI g, WAdES-1 3R
Hdrfrdrarge-3 & [Affed deerEs [AAansd & sl RE @ AT Tl H FaTH
YA Aisel & ®7 # yEdd fhar T g1 FoR Glietor 3R Fedmaw 3qo
T FEhT FATRHT & &, ITCISSH T SHIRAB-FHIA &THAT T sTfasami it &
fav ve favaaay A vee aRd g

Sl TR, A 3T AEffesh &7 F WRINTAT 3R vavedely S adleT deerssd
Y UM ohleh, gaT faeRor 3R JEMORIET 3qadien H 3796l &THAT & Jeie e &id
FI 30T S &l AdleasT q:eﬁ@ﬂﬁ?—f YT 3TRATSTAh 3FAGART I ggdlel Pl
Feaieyd &l # ATere H%Wﬁg@ﬂwmmﬁ%mw
F JHEIT T2l T ART YT aIar o




TABLE OF CONTENTS

Certificate
Acknowledgements
Abstract

Table of contents
List of Figures

List of Tables
Abbreviations

Symbols

Title

Chapter 1, Introduction and Objectives

1.1

1.2

1.3

Membrane active peptides
Cell Penetrating Peptides
1.2.1 Classification of cell penetrating peptides
1.2.1.1  Cationic CPPs
1.2.1.2  Primary amphipathic
1.2.1.3  Secondary amphipathic
1.2.2  Mechanisms of. CPPs Internalization
1.2.2.1  Direct translocation
1.2.2.2  Uptake through endocytosis
Antimicrobial Peptides
1.3.1 Classification of AMPs

1.3.1.1 Based on sources

Page No.

il

vii
X1
XV
Xvi
XXl

1-24

10
13
14

15

Vii



Chapter 2,

Chapter 3,

1.3.1.2  Based on activity
1.3.2  AMPs as membrane targeting agents
1.3.3 Bioactive antimicrobial peptides
1.4 Objectives
Review of Literature
2.1 Application of CPPs
2.1.1 CPP in medical imaging
2.1.2 CPP-assisted siRNA downregulation
2.1.3 CPPs for anticancer drug delivery
2.1.4 CPP-functionalized nanocarriers for intracellular
delivery
2.2 Marine and toxins are a rich source of membrane active
peptides
2.2.1 Marine derived peptides
2.2.2  Toxin derived peptides
2.2.2.1  Snake venom derived peptides
2.2.2.2  Scorpion peptides
2.2.2.3  Spider toxin derived peptides
2.2.2.3.1 Latarcins
2.3 Machine learning for designing of novel CPPs
Designing a novel cell penetrating peptide from a marine
source

3.1 Introduction

17

19

20

23

25-39

26

26

27

28

29

31

32

34

34

35

36

36

37

40-63

41

viii



Chapter 4,

Chapter 5,

Summary
References

Annexures

3.2

3.3

3.4

3.5

Understanding the antimicrobial action of short Latarcin

Material and methods

Results

Discussion

Conclusion

peptides (sLtcs)

4.1 Introduction

4.2 Material and methods
4.3 Results

4.4 Discussion

4.5 Conclusion

Designing Cell penetrating peptide prediction tool with

Machine learning

5.1

5.2

53

54

5.5

Introduction

Material and methods
Results

Discussion

Conclusion

Annexure 1 List of chemicals

Annexure 2 Preparation of buffers

43

50

60

63

64-78

65

69

71

76

80

81-105

82

84

91

104

107

108-111

112-134

135-142

134

137



List of publications and conferences 143-144

Author’s resume 145-148



LIST OF FIGURES

Figure No.
1.1

1.2

3.1

3.2

3.3

3.4

Title

Schematic representation of mechanism of internalisation by cell
penetrating peptides.

Schematic representation of mechanism of action of antimicrobial
peptides.

Cellular uptake of Engraulisin peptide through (a) flow cytometry
and (c) confocal laser scanning micrograph. Image (a) - 1, ii, 1ii and
iv represent fluorescence shift at 5, 10, 15 and 20uM peptide
concentration. (b) depicts the uptake percentage of the population

Cellular cytotoxicity of Engraulisin peptide investigated in HelLa
cells by MTT assay. No significant reduction in cell viability was
observed till 100 M concentration of peptide treatment.

Cargo delivery and mechanistic characterization of peptide. Cargo
delivery (a) analysed through X-Gal staining under various
treatment  conditions. (a); a-d represents  untreated,
Engraulisin/cargo complex, tat2/cargo complex (positive control),
and B-galactosidase only respectively. (b) Engraulisin uptake in
presence of inhibitors of endocytosis. Significant reduction was
observed in case of only 4°C as physical inhibitor of endocytosis.

Circular dichroism analysis of Engraulisin peptide in the presence

of water, SDS micelles and 2,2,2 trifluoroethanol.

Page No.

14

51

52

53

55

Xi



3.5

3.6

3.7

3.8

3.9

Membrane lytic effect of Engraulisin peptide on MRSA. A.
untreated cells. B and C show effect of 10 and 20 uM peptide
concentration on cell morphology.

Peptide in water simulation; (a) transition of peptide from alpha
helix at 0 ns (b) to random coil conformation at 100 ns can be
observed in aqueous environment, (c) Secondary structure
transformation over the course of simulation was calculated
through the DSSP program

Peptide membrane interaction in POPC and POPG membrane over
a course of 100 ns. Left, middle and right columns depict snapshots
captured at 0, 50 and 100 ns respectively. POPC (upper) and POPG
(lower) depict mammalian and bacterial membranes respectively
(a) Average density and (b) distance plot of phosphate atoms, n-
terminal (RLFR) and c-terminal (VLRL) residues across Z-axis in
POPC and POPG membrane. Both Density and distance profile of
n-terminal residues was found to be higher at the deeper selection
of the membrane as compared to the c-terminal indicating peptide
interaction though n-terminal residues.

Residue wise distance heatmap of N-terminal and C-terminal
residues from phosphate atoms along z-axis in (a) POPC and (b)
POPG membrane. Blue and red colour indicates higher and lower
distance between amino acid residue and membrane phosphate

atoms.

57

58

59

60

Xii



4.1

4.2

4.3

44

5.1

52

53

5.4

5.5

sLtcs mediated analysis of concentration-dependent membrane
depolarization in MRSA cells.

sLtcs induced membrane permeabilization analysis using PI uptake
Time kill kinetics studies of sLtc 4 and 5 on MRSA cells

ROS production in MRSA cells by sLtcs

Comparison between CPPsite-1 and CPPsite-3 datasets. (a)
showcases variances in the amino acid composition within both
datasets. (b) demonstrates the relative distribution of different
physicochemical characteristics among positive and negative
examples and between the two datasets under investigation.

The architectural framework of the proposed model consists of four
blocks: data collection, feature extraction, classification and
uncertainty estimation. Data collection and feature extraction
represent Module 1, while Module 2 comprises prediction and
uncertainty estimation blocks.

Violin plot showing the effect of different feature extractors (a) and
model architecture (b) on model performance.

Effect of training dataset size on model performance.

Uncertainty thresholding based on the J index. (a) represents
thresholding using J (youden’s) index on test dataset. (b) zoomed
image for threshold representation. (c) represents density estimate
with positive in blue and negative (non-cpps) in red separated by

dotted threshold line.

73

74

75

76

83

86

90

94

97

xiii



5.6

5.7

5.8

5.9

Uncertainty-aware estimation of model performance on cppsite-1
and cppsite-3 dataset. Training dataset size is reprented on x-axis
with accuracy on y-axis. Accuracy with high confidence(red),
without uncertainty(green) and low-confidence(blue) are
compared showing increase in cpp prediction accuracy due to
thresholding in both datasets.

Comparison of CPP prediction accuracy on CPPsite-1 and
CPPsite-3 datasets using different parameters. Each circle
corresponds to an individual model configuration, with the color
indicating the quantity of hidden layers and the circle's size
reflecting the number of neurons.

Violin plot showing comparison of CNN-based model architecture
on model performance on both cppsite-1 and cppsite-3 dataset.
Representative TSNE representation of CPPsite-1 dataset from the

pre-trained model.

98

101

101

102

Xiv



LIST OF TABLES

Table No.

3.1

3.2

4.1

4.2

4.3

5.1

52

53

5.4

5.5

5.6

Title
Detailed information regarding components
MIC concentration of Engraulisin peptide against various
microorganism
List of Latarcin peptides found in the venom of Lachesana
tarabaevi
List of short Latarcin peptides used in this study.
Minimal Inhibitory concentration of sLtc against different
microbes.
Configuration details of various pre-trained models used in this
study.
Embedding-wise mean percent scores.
Model-wise mean percent mean scores.
Uncertainty-aware estimation of model performance.
Comparison of the proposed method with previous state-of-the-
art methods.
Top 10 final performers segregated based on CPPsite-1 and

CPPsite-3 datasets.

Page No.
50

55

68

68

72

84

91

92-93

95-97

99-100

100

XV



ABBREVIATIONS

1D
1D-CNN
ACC
ACPs
APD3
AMP
ATR-FTIR
AUC-ROC
BERT
CAMP
CCR2

CD

CFU
CLSM
CME

CPP

CSap
DBAASP
dCTP
dGTP

DISC 3

One Dimensional

one-Dimensional Convolutional Neural Networks

Accuracy Correlation Coefficient

Anticancer Peptides

Antimicrobial Peptide Databases

Antimicrobial Peptides

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy
Area Under the Receiver Operating Characteristic Curve
Bidirectional Encoder Representations from Transformers
Collection of Antimicrobial Peptides

Chemokine Receptor type 2

Circular Dichroism

Colony Forming Unit

Confocal Laser Scanning Microscopy

Clathrin-Mediated Endocytosis

Cell Penetrating Peptide

Cysteine-Stabilized alpha/beta

Database of Antimicrobial Activity And Structure of Peptide
Deoxycytidine Triphosphate

2'-Deoxyguanosine 5'-Triphosphate

3.3'-Dipropylthiadicarbocyanine iodide

XVi



DMEM
DMSO
DNA
DSSP
EDTA
ERT

ESM

FACS
FBS
FDA
FITC
fGNPs
FGS
GNPs
HATF-3
HBD3
H>DCF
HEPES
HIV
HSPG
hTERT

IC50

Dulbecco's Modified Eagle Medium
Dimethyl sulfoxide
Deoxyribonucleic Acid

Database of Secondary Structure Assignments
Etheylene Diamine Tetraacetic Acid
Extremely Randomized Tree
Evolutionary Scale Modeling
Phenylalanine

Fluorescence Activated Cell Sorting
Fetal Bovine Serum

Food and Drug Administration
Fluorescein isothiocyanate
Functionalized GNPs
Fluorescence-Guided Surgery

Gold Nanoparticles

Hepatocyte ATF3

Human B-Defensin 3

2'.7'-dichlorodihydrofluorescein

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

Human immunodeficiency viruses
Heparan Sulfate Proteoglycan
Human Telomerase Reverse Transcriptase

Half-maximal inhibitory concentration

XVii



KELM Kernel Extreme Learning Machine

LanCL1 Lanthionine Synthetase Component C-like protein
LSTM Long Short-Term Memory

Ltc Latarcin

MAP Membrane Active Peptides

MCC Matthews Correlation Coefficient

MIC Minimum Inhibitory Concentration

MD Molecular Dynamic

MDR Multidrug Resistant

MHB Mueller Hinton Broth

ML Machine Learning

MMDP Marine Metagenome-Derived Peptide

MMP-2 Matrix Metalloproteinase-2

MO Morpholino

MRSA Methicillin-Resistant Staphylococcus Aureus
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NF-«xB Nuclear Factor k-Light-Chain-Enhancer of Activated B cells
NLSs Nuclear localization sequences

NN Neural Network

Oct-6 Optical Coherence Tomography 6

PBS Phosphate Buffer Saline

PCA Principal Component Analysis

PDB Potato Dextrose Broth

XViii



pDNA
pH

PI
PME
POPC
POPG

Pro

RACPPs

ROS
SDC3
SDS
siRNA
sLtcs
SMA
SP
SV40
SVM
TAT2
TEM

TFE

Plasmid DNA

Potential of Hydrogen

Propidium lodide

Particle Mesh Ewald
2-oleoyl-1-pamlitoyl-sn-glyecro-3-phosphocholine
2-oleoyl-1-pamlitoyl-sn-glyecro-3-glycerol
Proline

Arginine

Ratiometric Activable CPPs

Random Forest

Ribonucleic Acid

Reactive Oxygen Species

Syndecan 3

Sodium Dodecyl Sulfate

Small Interfering RNAs

short Latarcin peptides

Spinal Muscular Atrophy

Specificity

Simian Virus 40

Support Vector Machine

Transactivating transcriptional activator 2

Transmission Electron Microscopy

2.2,2 Trifluoroethanol

XiX



TFIIE-beta

TP10

t-SNE

VRE

W

YADAMP

Transcription Initiation Factor IIE subunit beta
Transportan

t-Distributed Stochastic Neighbor Embedding
Vancomycin-Resistant Enterococcus
Tryptophan

Yet Another Database of Antimicrobial Peptides

XX



SYMBOLS

cm

fs

kJ
kDa

ug

um
uM
ml
mg
mM
min

ng

alpha

Beta

Degree Celsius
Centimeter
Femtoseconds
Hour/ Hours
RCF

Kappa

Kilo

Kilo Joule
Kilodalton
Microgram
Microliter
Micrometer
Micromolar
Milliliter
Milligram
Millimolar
Minute/Minutes
Nanogram

Nanometer

XXi



nM

ns

%

o

S€C

Vv

Nanomolar
Nanosecond

Percent

Picosecond
Revolutions per minute
Second/seconds

Volume by volume

XXii



