IN SILICO IDENTIFICATION OF NOVEL DRUG
TARGETS FOR Campylobacter jejuni AND
POTENTIAL DRUG MOLECULES

Submitted in fulfilment of the requirements for the degree of
MASTER OF SCIENCE
IN
BIOTECHNOLOGY

By:
Ginni Khullar (207830)

Under the Supervision of

Dr. Saurabh Bansal (Guide)
&
Dr. Raj Kumar (Co-Guide)

JAYPEE UNIVERSITY OF INFORMATION TECHNOLOGY

DEPARTMENT OF BIOTECHNOLOGY &
BIOINFORMATICS WAKNAGHAT, H.P.-173234

MAY 2022




TABLE OF CONTENTS

[DI=Tol FoTr=Na o] gl o) V2 (0 Lo L= o | SR I
=T 1 |07 I
ACKNOWIEAGEMENT ...eeieiieiiiiiietitiieeinreeeeeeeenrenesensensenasansonssassensenssanssnssnsaanssns I
LISt Of FIQUIES .ientiniieiieiieiniitieeeeintenteeteeentencescesensansoscnsensonsessmnsessnsansansnnnes V-V
(I o) B =1 o] 1S TP VI
ADStract & KeyWOords ....coceiieiiiiiniiiiiiiiiiieieriiiiietiitiietieeiaeissciasiscsasssscssscens 1
Chapter 1: INtroduction ....ceeeeeeieiieiuiiieiereriesernieesnsessssnsesessassssssnssssssnsessssnses 2-3
Chapter 2: Review of Literature ......cccvceiieiieiieiniiniiereecersnteasessnsorionsiossnsosmsnsanse 4-22
2.1 Campylobacter JEJUNT ...ttt e e 4

A OF:31110) 4 (0] o 101 11 4 (0 1) 1 T PR 5)

2.3 Drugs available ....... ..o 6

2.3.1 AZItNIOMYCIN oottt e et e et e e aaas 6

2.3.2 ErythrOmMYCIN ooeoutiti ittt et erie e e e e 7

2.3.3 CIProfloXaCin .......c.oiniiii i 8

2.3 4 TetraCyCliNe .o.vvetiitt e e 8

2.4 Issues & challenges with the antibiotics already available ............................ 9




2.4.1 Bacterial resistance mechaniSms ..o 9

2.4.1.1 Modification of thedrugtarget ..............ccoooeiiiiiiiinn.. 10

2.4.1.2 Inactivation of the antibiotic .......................... 10

2.4.1.3 Alteration of multidrug efflux pumps .....................ooal. 10

2.4.1.4 The antibiotics’ inability to reach their intended target ......... 10

2.5 Virulence factors of Campylobacter jejuni .............cocooiiiiiiiiiii 11
251 Theflagellum .. ... 12

2.5.2 Motility/ Chemotaxis ..........ooouiiriiiii e 12

2.5.3 Bacterial AdNeSION .........cooiiiiiiiii 13

2.5, 4 INVASION ...t 14

2.6 TOOIS fOr drug diSCOVENY ...t e 14
2.6.1 Tool for retrieval of protein SeqUENCE ..........c.oivviiiiiiiiieienaae, 14

2.6.2 Basic Local Alignment Search Tool- BLAST ...........ccoooiiiiiiiinn.. 15

2.6.3 Tool for structure prediction or retrieval and validation ................... 15

2.6.4 Retrieval of [igands ...........ccooiiiiiiii 17

2.6.5 Binding Site Prediction TOOl ..o 19

2.6.6 Tools for Virtual Screening of natural ligand database against proteins

............................................................................................ 19

(O gF=T0] (=1 @S I \V/ (=11 gToTe (o] 00 | VAN 23-25
3.1 Identification of protein targets ..........ooveieiiii e 24

3.2 Protein structure retrieval .............ooiiiii 24

3.3 Natural Compound Database ...........ccoeiriiiiriti e 24

3.4 Protein Structure Validation .............cooiiiiiii e 24

3.5 Docking with Reference Ligands ..........ccoooeiiiiiiii i e 24

3.6 Binding Site PrediCtion ........ccooviiiinii e 25




3.7 Docking and Virtual SCreeNiNg .........ovviniiiiii i 25

Chapter 4: ReSUItS & DISCUSSION .cuivuieeierenrearersnssnssnsessnssnsonsssseasssssssnssnsssses 26-39
4.1 BLASTp analysis of proteins against Human proteome .................cccccoevnnn.. 26

A0 CadF .o, 26

B2 TIDA oo, 27

A1 3 FlaA e e 27

T - T PP 28

1. S eV e 28

N S O] 1 1) SN 29

4.2 Protein structure retrieval..... ... 29

4.3 Protein Structure Validation ..............ooiiiiiiiii e 31

4.3.1 Validation of Protein structures predicted using Phyre2 .................. 31

4.3.2 PDBSUM-PROCHECK ..ottt 31

4.3.3 Ramachandran Plot ..........ooiiiii 32

4.3.4 ProSA analysis ...oeoeueneiniei e 34

4.4 Docking with Reference Ligands .............coooiiiiiiiiiiiiiiiiiii e, 36

4.5 Binding Site Prediction ..........oooiiiiiiiiiii i 37

4.6 Docking & Virtual SCreening .........oovviriiirii e 39
Chapter 5: CONCIUSION ..cueiuiieiieiieiniieeieeeeenteneeeceeensensessescnsansescessnsansescnsensansanes 45
] (=T 7 T 46-55




DECLARATION BY STUDENT

| hereby declare that the thesis work entitled “In silico identification of novel drug targets for
Campylobacter jejuni and potential drug molecules” submitted to the Department of
Biotechnology and Bioinformatics, Jaypee University of Information Technology Solan (H.P.),
is a bonafide record of the original work done by me. The work was carried out under the

supervision of Dr. Saurabh Bansal and the co-guidance of Dr. Raj Kumar.

Ginni Khullar (207830)

Department of Biotechnology and Bioinformatics
Jaypee University of Information Technology
Solan (H.P)

Date: 28 May 2022




SUPERVISOR’S CERTIFICATE

This is to certify that the thesis work titled “In silico identification of novel drug targets for

Campylobacter jejuni and potential drug molecules” by Ms. Ginni Khullar during the end

semester in May 2022 in fulfilment for the award of the degree of Master of Science in

Biotechnology of Jaypee University of Information Technology, Solan has been carried out

under our supervisions. This work has not been submitted partially or wholly to any other

University or Institute for awarding this or any other degree or diploma of recognition.

Signature of Supervisor

Dr. Saurabh Bansal

Assistant Professor (Senior Grade)

Deptt. Biotechnology & Bioinformatics
Jaypee University of Information Technology
Waknaghat, Solan (H.P.)

Signature of Co-guide

Dr. Raj Kumar

Assistant Professor (Grade I1)

Deptt. Biotechnology & Bioinformatics
Jaypee University of Information
Technology Waknaghat, Solan (H.P.)




ACKNOWLEDGEMENT

In pursuing this academic achievement, | feel very fortunate because inspiration, creativity,
supervision, direction, collaboration, love and compassion appear my way, which seems to be

the terms of my almost impossible task.

| would like to show my gratitude to my supervisor, Dr. Saurabh Bansal, Assistant Professor
and my co-guide Dr. Raj Kumar, Assistant Professor, Department of Biotechnology and
Bioinformatics, JUIT, Waknaghat, for their respectful supervision, unremitting support,
ingenuity, innovative ideas, counsel and advice during my research work. | would also like to

acknowledge Rohit Shukla, sir and Somlata Sharma, ma’am for helping me with this thesis.

I acknowledge the kind patronage and timely guidance of Prof. Sudhir Kumar, Head of the
Department of Biotechnology and Bioinformatics, Jaypee University of Information
Technology, Waknaghat (H.P.)

| sincerely thank the entire Department of Biotechnology and Bioinformatics for granting me
a friendly license in the research work and providing me with the necessary administrative

facilities.

Ginni Khullar

Date:




LIST OF FIGURES

FIGURE NO. DESCRIPTION PAGE NO.
1 Gram-staining showing C. jejuni 5
2 Azithromycin chemical structure 7
3 Erythromycin chemical structure 8
4 Chemical structure of Ciprofloxacin 8
5 Tetracycline chemical structure 9
6 Antibiotic resistance mechanisms 11
7 UniProt 14
8 BLASTp 15
9 Logo of SWISS-MODEL server 15
10 Phyre2 server 16
11 AlphaFold Server 16
12 PDBsum and ProSA servers for protein validation 17
13 Logo of ZINC!2 Database 17
14 PubChem Database of chemical compounds 18
15 Logo of Natural Ligand Database 18
16 NPASS Database 18
17 CASTYp binding site prediction tool 19
18 UCSF Chimera 19
19 AutoDock Logo 20
20 Homepage of AutoDock Vina 21
21 PyRx- Tool for Virtual Screening 21
22 iScreen Web Server 22
23 Schematic methodology for the virtual screening of ligands 23

against target proteins of Campylobacter jejuni
24 BLASTp between CadF protein & human proteome 26
25 BLASTp between JIpA protein & human proteome 27
26 BLASTp between FlaA protein & human proteome 27
27 BLASTp between FlaC protein & human proteome 28
28 BLASTp between CheV protein & human proteome 28
29 BLASTp between CheY protein & human proteome 29
30 Protein Structures from UniProt and PDB 30
31 Ramachandran plots of all six target proteins and 33
systematically varied phi & psi.
32 Results of ProSA analysis 35
33 Protein structures predicted using CASTp tool 38
34 Ligands & Protein complex of CadF protein 39
35 Ligands & protein complex of JIpA protein 40
36 Ligands & protein complex of FlaA protein 41
37 Ligands & protein complex of FlaC protein 42
38 Ligands & protein complex of CheV protein 43
39 Ligands & protein complex of CheY protein 44




LIST OF TABLES

TAI\\IBOII_E DESCRIPTION PAGE
1 Basic characteristics & biochemical tests for C. jejuni 5
2 Natural ligands and their respective herbs 24
3 Validation results of Phyre2 structures using PDBsum- PROCHECK 31
4 Validation results of UniProt & PDB structures using PDBsum-PROCHECK 32
5 Z-Scores of target proteins obtained from ProSA analysis 35
6 RMSD table for reference ligands against target proteins 36-37
7 RMSD table for all 15 natural ligands against CadF 39
8 RMSD table for all 15 natural ligands against JIpA 40
9 RMSD table for all 15 natural ligands against FlaA a1
10 RMSD table for all 15 natural ligands against FlaC 42
11 RMSD table for all 15 natural ligands against CheV 43
12 RMSD table for all 15 natural ligands against CheY 44




ABSTRACT

Campylobacter jejuni is the main responsible organism of Campylobacteriosis, a diarrhoea-
like condition involving symptoms like nausea, vomiting, enteralgia and, in critical cases,
reactive arthritis and Guillain-Barré syndrome. Usually, this disease is treated without
antibiotics, but antibiotic therapy is important for patients with severe sickness as well as post-
infection problems. Campylobacter is a gram-negative bacterium that has acquired antibiotic
resistance due to drug overuse and misuse, which has led to a search for new antibiotics against
C. jejuni, as it continues to remain untreated with the already available drugs on the market,
like, Azithromycin, Erythromycin, Ciprofloxacin, Tetracycline, etc. The search for new
antibiotics is carried out with the help of Computer-Aided Drug Discovery, a computational
technology for discovering new drugs targeting various medicinal targets or virulence factors

of C. jejuni.

Keywords: Campylobacter jejuni, Campylobacteriosis, antibiotic resistance, virulence factors,

Computer-Aided Drug Discovery, docking, virtual screening.




CHAPTER 1: INTRODUCTION

Campylobacter jejuni is a microaerophilic, gram-negative organism belonging to the family
Campylobacteriacae. It is a food and water-borne pathogen that causes Campylobacteriosis, a
diarrhetic condition accompanied by nausea, vomiting, stomach cramps, and fever [1], [2]. The
post-infection complications include reactive arthritis and Guillain-Barré syndrome or GBS.
The Centers for Disease Control and Prevention (CDC) suggests that in individuals with weak
immune systems, this bacterium sometimes spreads to the bloodstream and causes a deadly
infection. Campylobacteriosis can be lethal among very young children, old &
immunocompromised individuals. Around 1.5 million residents in the U.S.A. are affected
every year, and 200 deaths are reported per year. In India, there is a 4.5% incidence rate of
campylobacteriosis in the Southern part and a 10.28-13.5% diarrheic rate in the North [3].
Campylobacter is found in the intestines, liver, and other organs of many poultry animals like
chickens, turkeys, and cows, showing no sign of the disease caused by the bacteria. It is spread
by eating undercooked poultry, drinking unpasteurized milk and untreated water, and coming

in contact with farm animals.

Campylobacteriosis is an infection that can be treated without antibiotics, but patients with
severe illness and post-infection complications are required to undergo antibiotic treatment.
Antibiotics such as fluoroquinolones, quinolone, macrolides, and aminoglycosides are used for
the treatment of campylobacteriosis. Still, the bacteria, throughout treatment, have started
developing resistance against the clinically available drugs, which has become a serious
concern for the health of humans [4]. C. jejuni has developed resistance against many antibiotic
drugs like fluoroguinolones such as levofloxacin, ciprofloxacin, and moxifloxacin, macrolides
like erythromycin, clarithromycin, azithromycin, and aminoglycosides like gentamicin,
neomycin, and streptomycin. The main reason for the increasing antibiotic resistance is the
unsystematic use of antibiotics by humans for their treatment and therapy, growth and off-label

use in animal husbandry [5].

Because of the emergence of multidrug-resistant bacteria, the utilization of medicines for the
effective treatment of Campylobacteriosis has been significantly hampered [6]. It is, therefore,
necessary to search for novel drug targets and potential drug molecules. This can be achieved
by Computer-Aided Drug Discovery (CADD), a computational approach used for the




discovery of new drugs against different potential drug targets[7]. Potential drug molecules are
selected based on their virulence. Many virulence factors are considered relevant for
Campylobacteriosis, including epithelial cell adhesion and invasion, motility, serum resistance,
chemotaxis and bile salt resistance [8]. Factors responsible for cell adhesion and invasion are
CadF and JIpA protein, for bacterial chemotaxis are CheY, CheZ, CheA, CheB, CheR, and
CheW proteins, for motility are FIgP and FIgQ and flagellin proteins like FlaA, FlaB, FlaC [9].
These factors or proteins can act as possible drug targets for developing antibiotics against C.
jejuni. Natural ligands that are biological compounds of various herbs have been chosen for

docking against the selected novel protein targets.




CHAPTER 2: REVIEW OF LITERATURE

2.1 Campylobacter jejuni

Campylobacter jejuni is a zoonotic pathogen that causes Campylobacteriosis [1]. It is a
microaerophilic, capnophilic, gram-negative bacterium of the family Campylobacteriacae. The
name Campylobacter is acquired from the Greek words kampylos, which means curved and
baktron, which means rod. It is a motile organism that can be spiral, curved, and rod-shaped,
having amphitrichous flagella [10].

Classification of Campylobacter jejuni as given by Waite et. al. [11]

Domain: Bacteria

Phylum: Campylobacterota
Class: Campylobacteria
Order: Campylobacterales
Family: Campylobacteraceae
Genus: Campylobacter
Species: C. jejuni

The unique corkscrew motility of Campylobacter jejuni is due to its helical morphology, which,
together with its amphitrichous flagella, results in a quick rotation around the axis, which is
ideal for moving through the highly viscous mucus layer that surrounds the wall of the intestine
[12], [13]. It does not metabolize carbohydrates, relying instead on amino acids or
intermediates of the Krebs cycle for energy [14]. The cells’ width and length range from 0.2 to
0.9 mm and 0.5 to 5 mm, respectively. Because C. jejuni does not exhibit real thermophily, it
is referred to as “thermotolerant” [15]. According to CDC, Campylobacter infection is
identified when Campylobacter germs are found in faeces (poop), body tissue, or bodily fluids.
The identification of Campylobacter can be made either by a cultivation method that isolates
the bacterium or a quick diagnostic test that detects the bacteria’s genetic material.
Campylobacter has both oxidase and catalase enzymes (gives a positive catalase and oxidase
test) [16]. Hippurate and indoxyl acetate are hydrolyzed, and nitrate is reduced by
Campylobacter jejuni [17].




Table 1: Basic characteristics and biochemical tests of C. jejuni [15]

Basic characteristics/ Biochemical tests Result
Gram staining Negative
Flagella Amphitrichous
Motility Motile
Growth temperatures 37°C, 42°C
Catalase Positive
Oxidase Positive
Nitrate reduction Positive
Nitrite reduction Negative
Indoxyl acetate hydrolysis Positive
Hippurate hydrolysis Positive
Carbohydrate fermentation Negative
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Figurel: Gram-staining showing C. jejuni [18]

2.2 Campylobacteriosis

Campylobacteriosis is a diarrhetic condition accompanied by nausea, vomiting, stomach
cramps, and fever [7]. The post-infection complications include Reactive Arthritis, Erythema
nodosum, a painful illness of the skin’s fatty layer that most commonly affects the legs, and
Guillain-Barré syndrome (GBS), which begins several weeks after a person falls ill. The body’s

immune system begins to destroy nerves, producing muscle weakness and in some cases,




paralysis. The CDC suggests that this bacterium can spread to the bloodstream and cause a
deadly illness in people with compromised immune systems. Campylobacteriosis can be lethal
among very young children, the old & immunocompromised individuals. According to WHO,
approximately 1.5 million residents in the U.S.A. are affected every year and 200 deaths are
reported per year. There is a 4.5% incidence rate of campylobacteriosis in the Southern part of
India, and a 10.28-13.5% diarrheic rate is reported in the North [3]. Campylobacter is present
in the intestines, liver, and other organs of numerous poultry animals, including chickens,
turkeys, and cows, exhibiting no signs of infection. Eating uncooked poultry, drinking
unpasteurized milk and untreated water, and coming into contact with farm animals are all
ways to spread this bacterium. The majority of campylobacteriosis patients will heal on their
own. As long as the diarrhoea lasts, people with campylobacteriosis should drink enough fluids
to avoid it. Antibiotics are occasionally used to treat severe cases or persons at greater risk of

developing severe diseases, like those with impaired immune systems.

2.3 Drugs available

Many antibiotics have been used for the treatment of Campylobacteriosis. Among the most
common are azithromycin, erythromycin (macrolides), ciprofloxacin (fluoroquinolones),
tetracycline, chloramphenicol and cephalosporins. In severe cases of Campylobacteriosis,
intravenous usage of aminoglycosides is also suggested [19]. Antibiotics have proven to be a
boon in saving billions of lives throughout medicine and disease treatment. These antibiotics
help in inhibiting the growth and proliferation of many bacteria. The action mechanisms of
some antibiotics against C. jejuni are discussed below.

2.3.1 Azithromycin

Azithromycin (CssH72N2012), also available commercially by the brand name of Azomycin,
Azasite, Zithromax, and Zmax, is a macrolide of the azalide subclass which is used to treat
Campylobacteriosis. But the bacteria have now raised resistance against this macrolide. To
treat the infection caused by C. jejuni, it’s advised to take a dose of azithromycin 500 mg/d for
three days. Azithromycin is a 15-membered ring in which the nitrogen at the 9a position has a
methy| group substituted on the aglycone ring. Bacteria, for its multiplication, requires a unique
protein synthesis mechanism mediated by ribosomal proteins. Azithromycin interacts with the
23S rRNA of the 50S ribosomal subunit of bacteria. It inhibits the transpeptidation or
translocation process of protein synthesis as well as blocks the assembly of the 50S ribosomal




subunit, slows cell development, and kills cells [20]. As a result, numerous bacterial infections

are controlled[21].

Figure 2: Azithromycin chemical structure [21]

2.3.2 Erythromycin

Erythromycin (Cs7Hs7NO13) is the antibiotic of choice for the treatment of Campylobacteriosis.
It belongs to the class of macrolides, which is available by the brand names Apo-Erythro-S,
Benzamycin, Erygel, Erythro, Erythrocin, Erythrocin Stearate, etc. This drug is produced by
the bacteria Saccharopolyspora erythraea and was discovered in 1952 [22]. It works by
inhibiting cytochrome p450 3A4 and P-glycoprotein. In bacteria (for example, C. jejuni),
erythromycin reversibly binds to the 50S ribosomal subunit and suppresses the translation of

proteins, thereby killing the bacteria and reducing the infection [23].

Figure 3: Erythromycin chemical structure [23]




2.3.3 Ciprofloxacin

Ciprofloxacin (C17H18FN3Og) is a second derivative fluoroguinolone antibiotic. It acts against
both Gram-negative and Gram-positive bacteria. It is available by many brand names like
Cetraxal, Ciloxan, Cipro, Cipro HC, Ciprodex, Ciprofloxacin, etc. It works by obstructing the
enzymes topoisomerase Il and topoisomerase 1V in bacteria C. jejuni [24]. Ciprofloxacin has a
100-fold affinity for bacterial DNA gyrase compared to mammalian DNA gyrase.
Ciprofloxacin targets DNA gyrase’s alpha subunits, preventing it from supercoiling bacterial

DNA and thereby preventing DNA replication in Campylobacter [25], [26].
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Figure 4: Chemical structure of Ciprofloxacin [27]

2.3.4 Tetracycline

The Streptomyces genus of Actinobacteria produces Tetracycline (C22H24N20s), a broad-
spectrum polyketide antibiotic. It is available by the brand names Achromycin, Pylera, and
Sumycin. Tetracycline works by preventing C. jejuni from synthesizing proteins. It attaches to
the 30S ribosomal subunit and stops amino-acyl tRNA from interacting with the ribosome’s A
site. It interacts with the 50S ribosomal subunit to some extent as well. The nature of this bond
is that it can be reversed. Tetracycline may also cause intracellular components, such as

nucleotides, to leak out of bacteria’s cytoplasmic membrane, thereby killing C. jejuni.

CH; CH,

CH; OH
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Figure 5: Tetracycline Chemical Structure [28]




2.4 Issues & challenges with the antibiotics already available

The already available antibiotics are not efficient against the bacteria due to the acquired
antibiotic resistance. Hence there is a need to look for new drug molecules to control the spread
of Campylobacteriosis. Because of innate competence and hypervariable genomic sequences
of Campylobacter jejuni, there are a lot of genomic plasticities which help raise resistant
bacterial progeny [29]. C. jejuni has notably developed antibiotic resistance to
fluoroquinolones and macrolide antibiotics, raising questions regarding how these organisms

acquired resistance traits and the implications for human and animal treatment [30].

2.4.1 Bacterial resistance mechanisms

Due to the overuse and misuse of these antibiotics, many bacteria have developed antibiotic
resistance. Campylobacter has also developed resistance against the already available
antibiotics like azithromycin, gentamycin, ciprofloxacin, etc. The mechanisms of antibiotic
resistance generally followed by the bacteria are (i) alteration of the drug target, (ii)
deactivation of the antibiotic, (iii) alteration of multidrug efflux pumps, and (iv) the antibiotic’s
inability to reach its intended target [5], [31]. These mechanisms may be found in the bacteria

themselves or acquired from other microbes.
2.4.1.1 Modification of the drug target

C. jejuni follows many antibiotic resistance mechanisms, like decreasing its membrane
permeability against the drug molecule. It alters the membrane permeability by changing the
expression of porins, which are transmembrane proteins that allow chemical substances, that
would otherwise be unable to pass the cell membrane into the periplasmic and intracellular
environment [32]. By altering the expression pattern of porins, antibiotic diffusion is reduced
into the intracellular and periplasmic sites. These porins do not allow the antibiotics, with
molecular weight >360 KDa, to penetrate inside [31]. C. jejuni modifies the target site

(ribosomal A site) of tetracycline by TetO binding.
2.4.1.2 Inactivation of the antibiotic

The pathogenic C. jejuni acquires antibiotic resistance by inactivating the antibiotic using
enzymatic mechanisms by hydrolysis or generation of inactive derivatives [33]. The B-

lactamases are an extensive drug hydrolyzing enzyme class that inactivates the beta-lactam

9




class of antibiotics by hydrolysis. Hydrolysis of tetracycline antibiotics results in its
inactivation by the tetX gene [34]. The antibiotic inactivation also occurs by transferring a
chemical group to the antibiotic molecule by the transferase enzyme [35]. Aminoglycosides
are modified by aminoglycoside-modifying enzymes and hence become inactive.

2.4.1.3 Alteration of multidrug efflux pumps

Microorganisms use efflux pumps to manage their internal environment by eliminating harmful
chemicals like antibiotics from the cytoplasmic environment and transporting them out of the
cell [36], [37]. Campylobacter removes fluoroquinolone, macrolide, tetracycline,
aminoglycosides, and beta-lactam using the efflux pump CmeABC. CmeABC is composed of
three proteins, making a tripartite efflux system that eliminates a comprehensive range of

various classes of antibiotics [38]. These proteins are:

e the inner membrane protein CmeB,
e periplasmic fusion protein CmeA,

e outer membrane protein CmeC.
2.4.1.4 The antibiotic’s inability to reach its intended target

The antibiotic is sometimes unable to reach its target site because of mutations in the site. These
mutations alter the affinity and avidity of the site for the antibiotic, rendering it useless[39].
Fluoroquinolone cannot bind to its target site because of a point mutation in the DNA gyrase
target site. Due to this, the binding affinity of the antibiotic fluoroquinolone decreases for its
target site. C. jejuni develops this resistance naturally against the antibiotics, but environmental
factors can either favour or discourage it [40]. New bacterial progeny naturally develops
antibiotic resistance due to the mutation of the target site and is favoured in the environment
[31].

10
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Figure 6: Antibiotic resistance mechanisms

(This figure is created by https://app.biorender.com/)

2.5 Virulence factors of Campylobacter jejuni

Microbial pathogens use virulence factors, which include cellular structures, chemicals, and
regulatory systems, to colonize, invade, and infect the host organism. C. jejuni has several

virulence factors that are essential for C. jejuni to induce campylobacteriosis, such as [8],

e Motility

e Epithelial cell adhesion and invasion
e Resistance to bile salts

e Serum resistance

The entire genome sequences of various Campylobacter strains and plasmids have signalled a
new beginning in the research area of C. jejuni. These studies have uncovered possible ways
through which C. jejuni interacts with the host [29], [41]. The ability to colonize the digestive

tract of animals is aided by motility and the existence of the flagellum in C. jejuni [42]-[44].

11
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2.5.1 The flagellum

Various characteristics of C. jejuni biology, including host colonization, pathogenicity,
secretion, and host-cell invasion, rely on the amphitrichous flagella and flagellar motility. A
basal body, hook, and filament makes up the flagellum of C. jejuni. The filament is composed
of two flagellin proteins, FlaA and FlaB. The flagellar o factors in C. jejuni, ¢ (encoded by
fliA) and o> (encoded by rpoN), regulate the genes flaA and flaB, respectively [45], [46]. FlaC,
which is necessary for invasion and shares very little homology with the major and minor
flagellins (FlaA and FlaB), is secreted by C. jejuni’s flagellar export apparatus[9]. Thus, in C.
jejuni, the flagellar export apparatus represents a crucial secretion mechanism essential for
host-cell invasion. This flagellar export apparatus is necessary for the secretion of Cia proteins,
which are essential for epithelial cell invasion in culture [47]. Konken et. al. demonstrated
whether the flagellar apparatus of C. jejuni served as the Cia proteins’ export apparatus. Five
genes encoding three structural components of the flagella, the flagellar basal body, hook,
filament genes, and genes whose products are required for flagellar protein export, were
mutated. Non-motile filament assembly mutations were discovered and did not produce Cia
proteins. These findings imply that the Cia proteins of C. jejuni are secreted from the flagellar
export machinery [46]. By providing the essential motility, Campylobacter flagella allows the
cells to perforate and pass through the viscid intestinal mucus coating of the host in a very
efficient manner[48].

2.5.2 Motility/ Chemotaxis

Bacterial chemotaxis is the influenced bacterial migration toward extracellular signals with
higher concentrations of helpful chemicals or lower concentrations of harmful chemicals[49].
Another sort of taxi, known as energy taxis, is a response to an intracellular signal, such as the
proton motive force or the electron-transport system’s redox status. The key chemoattractants
are L-Fucose, L-aspartate, L-cysteine, L-glutamate, and L-serine and the intermediates of the
Krebs cycle[50]. In C. jejuni, the chemotactic system is intimately related to the flagellum and
consequently to motility. The chemotactic signalling system for specific attraction or repulsion
is based on external stimulating chemicals attaching to corresponding receptors on the outer
membrane of bacteria. Signalling via protein phosphorylation transmits the information to the
flagellar motor. Chemotaxis is mediated by several kinases from the Che family, including
CheY (a response regulator) and CheA (a histidine kinase) [51]. Transmembrane methyl-

accepting chemotaxis proteins (MCP) and transducer-like proteins are the receptors for external

12




inputs. An MCP-like protein controls energy taxis [2]. These MCPs are split into three
categories in C. jejuni: A, B, and C. A periplasmic sensory domain, a cytoplasmic signal
mediator, and a transmembrane domain make up Group A receptors. Group B receptors have
a signalling region that is membrane attached, while group C receptors are cytoplasmic proteins
[52].

2.5.3 Bacterial Adhesion

Campylobacter colonization requires adhesion to the host intestinal epithelium, a vital phase in
a bacterial infection. CadF, JIpA, and CapA, among other C. jejuni proteins, have been shown
to bind cultured epithelial cells. The most studied adhesin is the outer membrane protein
(OMP), CadF (Campylobacter adhesion protein to fibronectin), having a molecular mass of
35,997 Da and an amino acid length of 319. CadF binds to fibronectin, which is present on the
basolateral surface of epithelial cells [53]. CadF’s fibronectin-binding domain (FRLS) contains
amino acids 134-137 [54]. CadF binds to the fibronectin of the epithelium of the host intestine.
The epidermal growth factor receptor is phosphorylated after CadF binds to the fibronectin,
activating a - integrin receptor. Cia proteins attract and activate the GTPases Racl and Cdc42,
which induce the internalization of Campylobacter via cytoskeleton rearrangement and
subsequent membrane ruffling [55]. Young et. al. suggested that CadF, combined with CiaB
and JIpA, enters host cells via fibronectin-mediated adhesion. Another adhesin called JIpA
(>iejuni lipoprotein A) is a surface-exposed lipoprotein and an adhesin which is encoded by the
gene jlpA. It has a molecular mass of 42,215 Da and an amino acid length of 372. At the N-
terminus, JIpA has a typical signal peptide and a lipoprotein-processing site [56]. JIpA activates
NF-kB and p38 mitogen-activated protein (MAP) kinase in response to Hsp90 binding, both
of which contribute to proinflammatory responses. This suggests that JlpA-dependent
adherence may be involved in part of the inflammation seen during the pathogenesis caused by
C. jejuni [57]. Another surface-exposed lipoprotein, CapA (Campylobacter adhesion protein
A), which is an autotransporter, influences the capacity of the bacteria to bind to and penetrate

human epithelial cells [58].
2.5.4 Invasion

C. jejuni invades cells mostly through endocytosis, necessitating Campylobacter-induced
cytoskeleton remodelling via microfilaments and microtubules [59]. Membrane protrusion,

mediated by the tiny Rho-GTPases Racl and Cdc42, is the first stage in the invasion process
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[60]. Moreover, proteins produced through the T3SS machinery are thought to have a role in
the invasion by the flagellum. The secreted proteins, for example, the Cia proteins, are
delivered into the cytoplasm by the flagellar secretion system and are required for colonization
and invasion[46], [61]. Cia proteins (e.g., CiaB, CiaC, Cial), not only aid invasion and
colonization but also contribute to intracellular survival. C. jejuni secretes approximately 18
Cia proteins when it comes into touch with epithelial cells[62]. CiaC is essential for C. jejuni
to fully invade host cells and is partly responsible for cytoskeletal rearrangements that cause
membrane ruffling. CiaC transport is dependent on bacteria-host cell interaction, and Cia

proteins are carried to host cell cytosol via the flagellum [63].

2.6 Tools for drug discovery

The tools used for drug discovery come under a common approach, known as Computer-Aided
Drug Discovery (CADD), a computational approach used for drug discovery against different
potential drug targets [7]. This approach is divided into two categories: structure-based and
ligand-based. Ligand docking, pharmacophore, and ligand design are examples of structure-
based approaches. Only ligand information is used in ligand-based approaches to predict

activity based on its similarity/dissimilarity to previously known active ligands[64].

2.6.1 Tool for retrieval of protein sequence

The tool used for protein sequence retrieval is UniProt. UniProt (Universal Protein Resource)
is a publicly available protein sequence and functions database, with several entries coming
from genome sequencing efforts. It contains details about the biological function of proteins
culled from scientific publications[65].

«® 0

Prot &

Figure 7: UniProt [65]
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2.6.2 BLAST

BLAST also called as Basic Local Alignment Search Tool is a web-based tool which offers a
comparison between primary biological sequencing data. Standard protein-protein BLAST
(blastp) is used to detect similar amino acid sequences in protein databases as well as to identify
a query amino acid sequence. Blastp, like other BLAST programmes, seeks out local regions
of similarity[66]. Blastp analysis is done to check the similarity of proteins with the human

proteome.

Figure 8: BLASTp [66]

2.6.3 Tool for structure prediction or retrieval and validation

The structures for the proteins can be modelled or predicted using tools like SWISS-MODEL,
Phyre2, and AlphaFold.

e SWISS-MODEL is a service for automated three-dimensional (3D) protein structure
homology modelling. Homology modelling is the most accurate way of generating
credible three-dimensional protein structure models at the moment, and it’s employed

in a wide range of applications [67], [68].

Swiss Institute of
Bioinformatics

Figure 9: Logo of SWISS-MODEL server [67]
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e Phyre2 is a set of web-based tools for predicting and analyzing any mutations present
in the protein structure. Phyre2 is designed to give biologists a simple and intuitive

interface to cutting-edge protein bioinformatics tools[69].

Subscribe to Phyre at Google Groups

L)) = 2 -
' l ] \/ [ l\ Visit Phyre at Google Groups
“2

W Follow @Phyre2server
Protein Homology/analogY Recagnition Engine V 2.0
L04@

Please do not use 'intensive mode' unless you are an experienced user and understand its pitfalls (and your search has already
failed with 'normal mode'). For most users, most of the time, 'normal mode' will give you the answer you require

If you have more than 5 or 6 sequences to model, it is easier for you (and better for everyone!) if you use "batch" mode, which is available under the
Expert Mode after you log in (top left of the interface). If you haven't registered for a LoginJ, you can do so on the Login page.

Current Phyre2 server load = 41% (normal running) &

E-mail Address
Optional Job description

Amino Acid Sequence ®

I -t trc <eence e
RGEEYGE S Normal @ Intensive O Test

Figure 10: Phyre2 server [69]

e AlphaFold, a cutting-edge Al system developed by DeepMind, can predict protein
structures computationally with incredible accuracy and speed. These forecasts are
being made freely and openly available to the scientific community, paving the way for

new and interesting research directions [70].

AlphaFold Protein Structure Database Home About FAQs Downloads

AlphaFold
Protein Structure Database

Developed by DeepMind and EMBL-EBI

D s |

Examples: Free fatty acid receptor 2 At1g58602 Q5VSL9 E.coli Help: AlphaFold DB search help

Feedback on structure: Contact DeepMind

Figure 11: AlphaFold Server [70]
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The proteins whose structures are available on UniProtKB are retrieved and those not available
are modelled using the above-mentioned modelling tools and software. The protein structures
are further validated using PDBsum [71], which checks the Phi and Psi angles with the help of
the Ramachandran Plot and the Z-score is checked by ProSA [72].

ProSA-

Protein Structure Analysis

Figure 12: PDBsum and ProSA servers for protein validation [71], [72]

2.6.4 Retrieval of ligands

The ligands can be downloaded from various databases available online, like

e The ZINC!? database is a curated list of commercially accessible chemical substances
that have been produced specifically for virtual screening. Researchers at

pharmaceutical businesses, biotech companies, and research universities use ZINC*2

Figure 13: Logo of ZINC'? Database [73]

e PubChem is a database of chemical molecules and their activities against biological

assays. The system is maintained by the National Center for Biotechnology
Information[74].
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NIH National Library of Medicine
National Center for Biotechnology Information

Pub©hem About  Posts  Submit  Contact

Explore Chemistry

Quickly find chemical information from authoritative sources

Try covid-19 aspirin EGFR C9HBO4 57-27-2 C1=CC=C(C=C1)C=0 InChi=1S/C3H60/c1-3(2)4/h1-2H3

1

Upload ID List

Figure 14: PubChem Database of chemical compounds [74]

Some natural compound databases are also available. They are:

Natural Ligand Database (NLDB) is a collection of 3D interactions of ligands and

proteins for enzymatic activities in KEGG-registered metabolic pathways that are
automatically collected and predicted[75].

NLDB

Natural Ligand Database

Figure 15: Logo of Natural Ligand DataBase

The NPASS database contains 446,552 activity records on 5,863 targets and 35,032
distinct natural products extracted from 25,041 source species. Chemical components
of TCM (Traditional Chinese Medicine) herbs and their biological functions are
likewise covered in NPASS data [76].

NPASS

Natural Product Activity & Species Source Database

Figure 16: NPASS Database
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2.6.5 Binding Site Prediction Tool

The binding site prediction tool CASTp (Computed Atlas of Surface Topography of proteins)
helps in the prediction of the probable binding site present in the protein. CASTp is based on
contemporary Computational Geometry theoretical and algorithmic discoveries. It has
numerous benefits: 1) analytical identification of pockets and cavities, 2) the margins between
the bulk solvent and the active site are exactly defined, and 3) all procured parameters are
rotationally invariant and do not need grid points[77].

CASTp  Calculation Background Plugin FAQ

Figure 17: CASTp binding site prediction tool [77]

2.6.6 Tools for Virtual Screening of natural ligand database against proteins

Before the virtual screening is done, the ligands and proteins are prepared for the screening
procedures separately. This can be done using Chimera, which is used for the interactive
display and analysis of molecular structures and related data, such as density maps, trajectories,
and sequence alignments[78]. Chimera is used for energy minimization of the downloaded
structures. The purpose of energy minimization is to discover a set of coordinates that represent

the structure’s lowest energy conformation [79].

UCSF
Chimera
Figure 18: UCSF Chimera [78]

After the minimization, the next step is docking between the ligand and the protein, which is a

molecular modelling technique. This docking aims to anticipate a ligand’s position and
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orientation when bound to a protein receptor. Docking can be done using various tools and

software, such as,

e AutoDock is a collection of docking automation tools. Its goal is to anticipate how tiny
compounds, such as substrates or medication candidates, bind to a 3D-structured
receptor. AutoDock 4 comprises two primary programmes: autodock docks the ligand
to a set of grids describing the target protein, and autogrid creates these grids
beforehand. The atomic affinity grids can be shown in addition to being used for

docking. This could aid organic synthesis chemists in designing better binders [80].

AutoDock

Figure 19: AutoDock Logo

e AutoDock Vina is a free molecular docking software. Dr. Oleg Trott of The Scripps
Research Institute’s Molecular Graphics Lab (now CCSB) created and implemented
the system. AutoDock Vina eliminates the need to select atom kinds and calculate grid
maps ahead of time. Instead, it internally calculates the grids for the atom types that are

necessary, and it does so almost instantly [81].
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AutoDock Vina
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Downloads

Documentation
>

Figure 20: Homepage of AutoDock Vina

e PyRxis a Computational Therapeutic Discovery virtual screening software that can be
used for the virtual screening of different libraries of compounds against prospective
drug targets. PyRx allows Medicinal Chemists through all the procedure steps, from
preparing the data to submitting the job and doing the analysis. PyRx is a useful tool
for CADD and has a docking wizard and a simple user interface. PyRx additionally
features a strong visualization engine and chemical spreadsheet-like functionality for

structure-based drug creation [82].

PyRx - Virtd@I Screening Tool

o P

R \ ("/

9

-~

Loading... Please Wait \

Figure 21: PyRx- Tool for Virtual Screening

e iScreen is a small web-based tool that allows the docking of TCM ligands and custom
de novo drug creation. For customers unfamiliar with command-line systems, iScreen
is built with a user-friendly graphic interface. Multiple docking services are applied for
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customized docking, including standard, in-water, pH environment, and flexible

docking modes. For the researcher's benefit, iScreen provides several molecular

descriptors[83].

1Screen

Figure 22: iScreen Web server
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CHAPTER 3: METHODOLOGY

Identification of target proteins

 Shortlisted target proteins through review of literature.

Protein Structure Retrieval

* AlphaFold and PDB structures of proteins retrieved from
UniProtKB and PDB respectively.

Ligand Retrieval

» The biological compounds of herbal materials were chosen as
ligands and retrieved from PubChem.

Protein structure Validation

* The retrieved protein structures were further validated using
PDBsum and ProSA web server.

Docking with reference ligands

» Docking of the target proteins was done with the reference
ligands (Drug molecules already known for Campylobacter).

Binding Site prediction

* Binding site prediction using CASTp.

Docking & virtual screening

* Docking of Target proteins with the ligand database and virtual
screening.

Figure 23: Schematic methodology for the virtual screening of ligands against target proteins

of Campylobacter jejuni.
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3.1 Identification of target proteins

Through an extensive review of the literature (research and review articles), six novel target
proteins were identified, CadF, JIpA, FlaA, FlaC, CheV, and CheY. The sequences of these
proteins were analyzed against the Human Proteome using BLASTDp to rule out any similarities

with the humans.

3.2 Protein structure retrieval

The protein structures of CadF, FlaC, FlaA, CheV and CheY were retrieved from the
AlphaFold structures available on the UniProtKB. The structure of the JIpA protein was taken
from PDB. Phyre2 tool was also used for structure prediction. The predicted structures were

further validated using ProSA and PDBsum.

3.3 Ligand retrieval

Fifteen natural ligands were downloaded from PubChem. These ligands are the biological
compounds of herbal materials like Clove, Portulaca, Cinnamon, Turmeric, Ginger, Thyme,
Camomile, Garlic etc [84]. The database contains the 3D structures of all the natural ligands,
which can be visualized with Discovery Studio[85]. The following table shows the natural

ligands along with their PubChem IDs and the herbs from which they can be derived.

Table 2: Natural ligands and their respective herbs [84]

PubChem ID Ligand Name Herbs
3314 Eugenol Clove
5280443 Apigenin Portulaca, Chamomile
5280863 Kaempferol Portulaca
5280343 Quercetin Portulaca
637511 Cinnamaldehyde Cinnamon
558173 Tumerone Turmeric
64685 Borneol Turmeric
92776 Zingiberene Turmeric
443160 (+)-alpha-Phellandrene Turmeric
10364 Carvacrol Thyme
6989 Thymol Thyme
65036 Allicin Garlic
5280489 Beta- carotene Mallows
5325830 (-)-Terpinen-4-ol Tea Tree
4837 Piperazine Black Pepper
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3.4 Protein Structure Validation

Using the PDBsum and ProSA tools, the chosen model was validated by inspecting phi/psi
angles with the help of the Ramachandran plot and comparing energy criterion comparisons
[86]. The Phyre2 structures showed increased disallowed regions and were not selected for
virtual screening. The structures retrieved from UniProt and PDB showed much better results

and hence were selected for further procedures.

3.5 Docking with Reference Ligands

Docking of the six selected target proteins was done with the reference ligands. The reference
ligands are the drug molecules already known for the treatment of Campylobacteriosis. These
are Azithromycin, Ciprofloxacin, Clindamycin, Levofloxacin, Norfloxacin and Streptomycin.
This was accomplished using the PyRx tool.

3.6 Binding Site Prediction

Based on the results from the reference docking using PyRx, different poses were analyzed and
compared with the binding sites predicted using the CASTp tool. The binding site showing

greater similarity with CASTp predicted sites were chosen.

3.7 Docking and Virtual Screening

The natural ligands obtained from herbal compounds and retrieved from PubChem were used
for docking and virtual screening against the six target proteins. This was done using the PyRx

tool.
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CHAPTER 4: RESULTS & DISCUSSION

4.1 BLASTDp analysis of proteins against Human proteome

Using C. jejuni as a background organism, a similarity search for essential protein identification

was carried out. All the proteins were analyzed using BLASTp to rule out any similarities of

the target proteins with the Human Proteome. No significant similarities were found which

suggests that these proteins can be used for further procedures.

4.1.1 CadF

BLASTp of CadF protein sequence against Human Proteome shows no significant similarity.

National Library of Medicine

National Center for Biotechnology Information

I @ Your results are filtered to match records that include] Homo sapiens (taxid:9606)
Job Title trlAOASTODING|AOASTODING_CAMJU Fibr: tin-bindi Filter

BLAST © » blastp suite » results for RID-3USTTVMFO1R Home Recent Results Saved Strategies Help

Save Search Search Summary v © How to read this report? € BLAST Help Videos

*Back to Traditional Results Page

Molecule type  amino acid
Query Length 319
Other reports (2}

A [Nc significant similarity found ]or reasons why,click here

RID JUSTTVMFOIR Search expires on 03-26 14:37 pm Download All v | Percent Identity E value Query Coverage

Program n ‘ ‘ L [ ‘ \ ‘ 0 \ ‘ ‘ e [ ‘
See dela

Query ID Icl|Query_718274

Description trlAOASTODING|AOASTODING_CAMJU Fibronectin-bindin

Figure 24: BLASTp between CadF protein and human proteome.
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4.1.2 JIpA

BLASTYp of JIpA protein sequence against Human Proteome shows no significant similarity.

m National Library of Medicine

National Center for Biotechnology Information

Database nr  See details v m
Query ID Icl|Query_86234

Description trlAOAOH3POU7|AOAOH3POU7_CAMJJ Surface-exposed | ...

Molecule type  amino acid

Query Length 372
Other reports (2]

A [No significant similarity 10und.}or reasons why,click here

BLAST ® » blastp suite » results for RID-82J3W2ZA013 Home RecentResults Saved Strategies Help

Save Search Search Summary v @ How to read this report? @ BLAST Help Videos '*OBack to Traditional Results Page
I o Your results are filtered to match records that includej Homo sapiens (taxid:9606)

Job Title JIpA Protein Filter Results
RID 82J3W2ZA013 Search expires on 05170237 am Download All v | Percent identity E value Query Coverage
Program © Citation v to to ’ to

Figure 25: BLAStp between JIpA protein and human proteome.

4.1.3 FlaA

BLASTp of FlaA protein sequence against Human Proteome shows no significant similarity.

m National Library of Medicine

National Center for Biotechnology Information

D

BLAST ® » blastp suite » results for RID-82JKHOMA013 Home RecentResults Saved Strategies Help

Save Search Search Summary v @ How to read this report? @ BLAST Help Videos 'DBack to Traditional Results Page

0 Your results are filtered to match records that include] Homo sapiens (taxid:9606)|

Job Title FlaA Protein Filter Results
RID 82JKHOMAQ13 Search expires on 05-17 0246 am Download All v | Percent ldentity E value Query Coverage
Program © Citationv to to ‘ ’ to
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Figure 26: BLASTYp between FlaA protein and human proteome.
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4.1.4 FlaC

BLASTYp of FlaC protein sequence against Human Proteome shows no significant similarity.

m National Library of Medicine

National Center for Biotechnology Information

I € Your results are filtered to match records that include] Homo sapiens (taxid:9606)

BLAST®» blastp suite » results for RID-82JH6715016 Home RecentResults Saved Strategies

< Edit Search Save Search Search Summary v © How to read this report? @ BLAST Help Videos '*OBack to Traditional Results Page

Job Title FlaC Protein Filter Results
RID 82JHB71S016 Search expires on 05-17 0244 am Download Allv | Percentidentity Evalue Query Coverage
Program © Citation v | \ to ’ ‘ to ‘ ‘ to

Description sp|P96747|FLAC_CAMJE Secreted flagellin C OS=Camp' ...
Molecule type amino acid

Query Length 249

Other reports (2]
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Help

Figure 27: BLASTp between FlaC protein and human proteome.

4.1.5 CheV

BLASTp of CheV protein sequence against Human Proteome shows no similarity.

m National Library of Medicine

National Center for Biotechnology Information
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Figure 28: BLASTp between CheV protein and human proteome.
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4.1.6 CheY

BLASTYp of CheY protein sequence against Human Proteome shows no significant similarity.

m National Library of Medicine

National Center for Biotechnology Information
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Figure 29: BLASTp between CheY protein and human proteome.

4.2 Protein structure retrieval

The following protein structures were retrieved from UniProt and PDB and were selected for

further procedures.

(a) CadF (UniProt ID: QOP8D9)

(b) JIpA (PDB ID: 3UAU)
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Q/

(e) FlaC (UniProt ID: QOPBML1) (f) FlaC (UniProt ID: POC635)

Figure 30: Protein Structures from UniProt and PDB

30




4.3 Protein Structure Validation

4.3.1 Validation of Protein structures predicted using Phyre2

Table 3: Validation results of Phyre2 structures using PDBsum- PROCHECK

Protein Name Total allowed Disallowed

regions regions
CadF 96.40% 3.60%
JIpA 99.40% 0.60%
FlaA 100% 0.00%
FlaC 98.30% 1.70%
CheV 94.70% 5.30%
CheY 100% 0.00%

Disallowed regions for CadF, FlaC and CheV were higher than 1.00% and hence were not
suitable for virtual screening because, in most disallowed regions, obstruction exists between
the side-chain methylene group and the main chain atoms. Therefore, these structures were not

selected for further procedures.

4.3.2 PDBsum-PROCHECK

Table 4: Validation results of UniProt and PDB structures using PDBsum- PROCHECK

Protein Source | Total allowed Disallowed
Name regions regions
CadF UniProt 100% 0.00%
JIpA PDB 100% 0.00%
FlaA UniProt 100% 0.00%
FlaC UniProt 100% 0.00%
CheV UniProt 99.60% 0.40%
CheY UniProt 99.10% 0.90%
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The structures retrieved from UniProt and PDB showed negligible disallowed regions

compared to the Phyre2 structures and hence were selected for virtual screening.

4.3.3 Ramachandran Plot

PROCHECK

Ramachandran Plot
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Figure 31: Ramachandran plots of all six target proteins and systematically varied phi & psi.

The white patches in the diagrams above correspond to conformations in which polypeptide
atoms are closer together than the total of their van der Waals radii. Except for glycine, all
amino acids are sterically forbidden in these locations. The red zones correspond to
conformations with no obstruction because these are the allowed regions. Slightly shorter van

der Waals radii, when used in the computation, form the yellow region in the plot.
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4.3.4 ProSA analysis
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Figure 32: Results of ProSA analysis

Table 5: Z-Scores of target proteins obtained from ProSA analysis

Proteins Z-Score
CadF -5.26
JIpA -5.42
FlaA -9.23
FlaC -6.87
CheV -9.12
CheY -7.43

The comprehensive model quality and any deviation from the total energy of the protein

structure are suggested by the z-score [72].

4.4 Docking with Reference Ligands

Docking of the target proteins with the reference ligands was done using PyRx to recognize
the potential binding sites available in the proteins, which was achieved by performing blind
docking. The RMSD tables with only the best binding affinities are given below:
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Table 6: RMSD table for reference ligands against target proteins

Ligands Binding affinity RMSD/ub RMSD/Ib
1. CadF
CadF_Levofloxacin_uff E=446.53 -7.1 0 0
CadF_Streptomycin_uff E=630.68 -8.3 0 0
CadF_Ciprofloxacin_uff E=1585.31 -7.2 0 0
CadF_Clindamycin_uff E=476.81 -6.9 0 0
CadF_Norfloxacin_uff E=355.30 -7.2 0 0
CadF_Azithromycin_uff E=707.61 -1.2 0 0
2. JIpA
JIpA_Levofloxacin_uff E=446.53 -7.3 0 0
JIpA_Streptomycin_uff E=630.68 -6.7 0 0
JIpA_Ciprofloxacin_uff E=1585.31 -7.1 0 0
JIpA_Clindamycin_uff E=476.81 -6.9 0 0
JIpA_Norfloxacin_uff E=355.30 -6.7 0 0
JIpA_Azithromycin_uff E=707.61 -6.9 0 0
3. FlaA
FlaA_Levofloxacin_uff E=446.53 -6 0 0
FlaA_Streptomycin_uff E=630.68 -6.9 0 0
FlaA_Ciprofloxacin_uff E=1585.31 -6.1 0 0
FlaA _Clindamycin_uff E=476.81 -6.5 0 0
FlaA_Norfloxacin_uff E=355.30 -6 0 0
FlaA_Azithromycin_uff E=707.61 -7.1 0 0
4. FlaC
FlaC_Levofloxacin_uff E=446.53 -6 0 0
FlaC_Streptomycin_uff E=630.68 -5.9 0 0
FlaC_Ciprofloxacin_uff E=1585.31 -6.1 0 0
FlaC_Clindamycin_uff E=476.81 -5.4 0 0
FlaC_Norfloxacin_uff E=355.30 -6.2 0 0
FlaC_Azithromycin_uff E=707.61 -6.3 0 0
5. CheV
CheV_Levofloxacin_uff E=446.53 -7.4 0 0
CheV_Streptomycin_uff E=630.68 -6.1 0 0
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CheV_Ciprofloxacin_uff E=1585.31 -7.3 0 0
CheV_Clindamycin_uff E=476.81 -6 0 0
CheV_Norfloxacin_uff E=355.30 -6.9 0 0
CheV_Azithromycin_uff E=707.61 -6.7 0 0

6. CheY
CheY_Levofloxacin_uff_E=446.53 -5.7 0 0
CheY_Streptomycin_uff E=630.68 -5.7 0 0

CheY_Ciprofloxacin_uff_E=1585.31 -5.6 0 0
CheY_Clindamycin_uff_E=476.81 -5.3 0 0
CheY_Norfloxacin_uff E=355.30 -5.8 0 0
CheY_Azithromycin_uff _E=707.61 -6.9 0 0

The entries with RMSD values as 0 are considered to have the best binding affinity. These

respective conformations exhibited the best bonding with the active sites of the target proteins.

4.5 Binding Site Prediction

The best conformations from the above result were chosen and compared with the binding sites

predicted using the CASTp tool. The proteins and their binding sites (shown in red) are given

below.

(a) CadF

(b) JIpA
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(c) FlaA

(d) FlaC

(e) CheV (f) CheY

Figure 33: Protein structures predicted using the CASTp tool

Based on the comparison, the binding sites were further used for docking of ligands against the

target proteins and virtual screening.
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4.6 Docking & Virtual Screening

The results of docking of all 15 natural ligands done against the target proteins are shown
below. The RMSD tables show only the best binding affinities corresponding to RMSD 0

values.

4.6.1 CadF

Figure 34: Ligand cluster bound to the active site of CadF protein

Table 7: RMSD table for all 15 natural ligands against CadF

Ligand Ligand names Binding | rmsd/ub | rmsd/lb
Affinity
CadF 10364 uff E=78.47 Carvacrol -5.3 0 0
CadF 3314 uff E=169.59 Eugenol -5.4 0 0
CadF_443160_uff E=154.48 (+)-alpha- 4.7 0 0
Phellandrene

CadF 4837 uff E=64.42 Piperazine -3.2 0 0
CadF 5280343 uff E=380.43 Quercetin -7.8 0 0
CadF_5280443 uff E=233.26 Apigenin -7.2 0 0
CadF_5280489 uff E=674.37 Beta-Carotene -7.3 0 0
CadF_5280863 uff E=362.50 Kaempferol -7.3 0 0
CadF 5325830 uff E=155.64 | (-)-Terpinen-4-ol 5.1 0 0
CadF 558173 uff E=212.14 Tumerone -6 0 0
CadF_637511_uff E=76.45 Cinnamaldehyde -4.7 0 0
CadF 64685 uff E=466.88 Borneol -4.9 0 0
CadF_65036_uff E=111.54 Allicin -3.8 0 0
CadF_6989 uff E=95.97 Thymol -4.9 0 0
CadF 92776 uff E=205.59 Zingiberene -5.3 0 0
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Quercitin, Apigenin, Beta-Carotene and Kaempferol can be considered as promising drug

molecules against CadF protein as they have the highest binding affinities.

4.6.2 JIpA

Figure 35: Ligand cluster bound to the active site of JIpA protein

Table 8: RMSD table for all 15 natural ligands against JIpA

Ligand Ligand names | Binding | rmsd/ub | rmsd/Ib
Affinity

JIpA 10364 uff E=78.47 Carvacrol -6 0 0
JIpA 3314 uff E=169.59 Eugenol -5.7 0 0
(+)-alpha- 0 0

JIpA 443160 uff E=154.48 Phellandrene -6.5
JIpA 4837 uff E=64.42 Piperazine -3.1 0 0
JIpA 5280343 uff E=380.43 Quercetin -8.1 0 0
JIpA 5280443 uff E=233.26 Apigenin -1.7 0 0
JIpA 5280489 uff E=674.37 Beta-Carotene -9.6 0 0
JIpA 5280863 uff E=362.50 Kaempferol -7.8 0 0
JIpA 5325830 uff E=155.64 (-)-Terpinen-4-ol -6.3 0 0
JIpA 558173 uff E=212.14 Tumerone -6.7 0 0
JIpA 637511 uff E=76.45 Cinnamaldehyde -5.7 0 0
JIpA 64685 uff E=466.88 Borneol -6.4 0 0
JIpA 65036 uff E=111.54 Allicin -4.6 0 0
JIpA 6989 uff E=95.97 Thymol -6.3 0 0
JIpA 92776 uff E=205.59 Zingiberene -6.4 0 0
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Quercitin, Apigenin, Beta-Carotene and Kaempferol can be considered as promising drug

molecules against JIpA protein as they have the highest binding affinities amongst all the

ligands.

4.6.3 Fl

Figure 36: Ligand cluster bound to the active site of FlaA protein

Table 9: RMSD table for all 15 natural ligands against FlaA

Ligand Ligand names | Binding | rmsd/ub | rmsd/Ib
Affinity

FlaA modell 10364 uff E=78.47 Carvacrol -4.7 0 0
FlaA modell 3314 uff E=169.59 Eugenol -4.7 0 0
(+)-alpha- 0 0

FlaA modell 443160 uff E=154.48 Phellandrene -4.5
FlaA modell 4837 uff E=64.42 Piperazine -3.2 0 0
FlaA modell 5280343 uff E=380.43 Quercetin -6.5 0 0
FlaA modell 5280443 uff E=233.26 Apigenin -7.4 0 0
FlaA modell 5280489 uff E=674.37 | Beta-Carotene -7.2 0 0
FlaA modell 5280863 uff E=362.50 Kaempferol -6.4 0 0
(-)-Terpinen-4- 0 0

FlaA_modell 5325830 uff E=155.64 ol -4.8
FlaA modell 558173 uff E=212.14 Tumerone -5.2 0 0
FlaA modell 637511 uff E=76.45 Cinnamaldehyde -4.7 0 0
FlaA modell 64685 uff E=466.88 Borneol -4 0 0
FlaA modell 65036 uff E=111.54 Allicin -3.4 0 0
FlaA modell 6989 uff E=95.97 Thymol -4.6 0 0
FlaA modell 92776 uff E=205.59 Zingiberene -4.4 0 0

Apigenin and Beta-Carotene can be considered as good drug molecules against FlaA protein

as they have better binding affinities than the other ligands.
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4.6.4 FlaC

Figure 37: Ligand cluster bound to the active site of FlaC protein

Table 10: RMSD table for all 15 natural ligands against FlaC

Ligand Ligand names | Binding | rmsd/ub | rmsd/Ib
Affinity

FlaC _modell 10364 uff E=78.47 Carvacrol -4.3 0 0
FlaC_modell 3314 uff E=169.59 Eugenol -3.9 0 0
(+)-alpha- 0 0

FlaC_modell 443160 uff E=154.48 Phellandrene -3.8
FlaC_modell 4837 uff E=64.42 Piperazine -2.7 0 0
FlaC _modell 5280343 uff E=380.43 Quercetin -4.9 0 0
FlaC _modell 5280443 uff E=233.26 Apigenin -5.1 0 0
FlaC_modell 5280489 uff E=674.37 | Beta-Carotene -4.6 0 0
FlaC modell 5280863 uff E=362.50 Kaempferol -4.9 0 0
(-)-Terpinen-4- 0 0

FlaC modell 5325830 uff E=155.64 ol -3.9
FlaC_modell 558173 uff E=212.14 Tumerone -5 0 0
FlaC _modell 637511 uff E=76.45 Cinnamaldehyde | -3.9 0 0
FlaC_modell 64685 uff E=466.88 Borneol -3.8 0 0
FlaC_modell 65036 uff E=111.54 Allicin -3 0 0
FlaC _modell 6989 uff E=95.97 Thymol -4.1 0 0
FlaC_modell 92776 uff E=205.59 Zingiberene -4.6 0 0

Quercetin, Apigenin, Beta-Carotene, Kaempferol, Tumerone, and Zingiberin can be considered

as suitable drug molecules against FlaA protein as they have better binding affinities than the

others.
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4.6.5 CheV

Figure 38: Ligand cluster bound to the active site of CheV protein

Table 11: RMSD table for all 15 natural ligands against CheV

Ligand Ligand names Binding | rmsd/ub | rmsd/lb
Affinity
CheV 10364 uff E=78.47 Carvacrol -6.1 0 0
CheV 3314 uff E=169.59 Eugenol -5.4 0 0
CheV_443160_uff E=154.48 (+)-alpha- -5.8 0 0
Phellandrene

CheV 4837 uff E=64.42 Piperazine -3.7 0 0
CheV 5280343 uff E=380.43 Quercetin -8.1 0 0
CheV 5280443 uff E=233.26 Apigenin -8.6 0 0
CheV 5280489 uff E=674.37 Beta-Carotene -8.1 0 0
CheV 5280863 uff E=362.50 Kaempferol -8.1 0 0
CheV 5325830 uff E=155.64 (-)-Terpinen-4-ol -5.9 0 0
CheV 558173 uff E=212.14 Tumerone -6.6 0 0
CheV 637511 uff E=76.45 Cinnamaldehyde -5.3 0 0
CheV 64685 uff E=466.88 Borneol -5.9 0 0
CheV_65036_uff E=111.54 Allicin -4 0 0
CheV 6989 uff E=95.97 Thymol -5.9 0 0
CheV 92776 uff E=205.59 Zingiberene -6 0 0

Quercitin, Apigenin, Beta-Carotene and Kaempferol can be considered as suitable drug

molecules against CheV protein as they have better binding affinities.
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4.6.6 CheY

Figure 39: Ligand cluster bound to the active site of CheY protein

Table 12: RMSD table for all 15 natural ligands against CheY

Ligand Ligand names | Binding | rmsd/ub | rmsd/Ib
Affinity
CheY _modell 10364 uff E=78.47 Carvacrol -4.3 0 0
CheY _modell 3314 uff E=169.59 Eugenol -4.2 0 0
(+)-alpha- 0 0
CheY modell 443160 uff E=154.48 Phellandrene -4

CheY _modell 4837 uff E=64.42 Piperazine -2.8 0 0
CheY_modell 5280343 uff E=380.43 Quercetin -5 0 0
CheY_modell 5280443 uff E=233.26 Apigenin -4.9 0 0
CheY_modell 5280489 uff E=674.37 | Beta-Carotene 4.4 0 0
CheY modell 5280863 uff E=362.50 Kaempferol -4.9 0 0
(-)-Terpinen-4- 0 0

CheY modell 5325830 uff E=155.64 ol -4.4
CheY_modell 558173 uff E=212.14 Tumerone -4.9 0 0
CheY modell 637511 uff E=76.45 Cinnamaldehyde | -3.9 0 0
CheY_modell 64685 uff E=466.88 Borneol -4 0 0
CheY modell 65036 uff E=111.54 Allicin -3.2 0 0
CheY modell 6989 uff E=95.97 Thymol -4.2 0 0
CheY modell 92776 uff E=205.59 Zingiberene -3.9 0 0

Quercitin, Apigenin, Kaempferol and Tumerone can be considered promising drug molecules

against CheY protein as they have better binding affinities than the others on the list.
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CHAPTER 5: CONCLUSION

Fifteen natural ligands were used for virtual screening against six target proteins identified
based on various literature reviews. These ligands were docked against the target proteins using
the PyRx tool. It can be observed that the ligands, Quercitin, Apigenin, Kaempferol, Beta-
Carotene, Tumerone and Zingiberene have shown higher binding affinities than the other
natural ligands. Hence, it can be concluded that these natural ligands, obtained from herbs like
Portulaca, Chamomile, Mallows and Turmeric, can serve as promising potential drug

molecules against Campylobacter jejuni and its potential drug targets.

45




[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES

A. Igwaran and A. 1. Okoh, “Human campylobacteriosis: A public health concern of
global importance,” Heliyon, vol. 5, no. 11. Elsevier Ltd, Nov. 01, 2019. doi:
10.1016/j.heliyon.2019.e02814.

K. T. Young, L. M. Davis, and V. J. DiRita, “Campylobacter jejuni: Molecular biology
and pathogenesis,” Nature Reviews Microbiology, vol. 5, no. 9. pp. 665-679, Sep. 2007.
doi: 10.1038/nrmicrol1718.

H. Malik, A. Kumar, S. Rajagunalan, J. L. Kataria, Anjay, and S. Sachan, “Prevalence
of Campylobacter jejuni and Campylobacter coli among broilers in Bareilly region,”
Veterinary World, vol. 7, no. 10, pp. 784-787, 2014, doi: 10.14202/vetworld.2014.784-
787.

T. Luangtongkum, B. Jeon, J. Han, P. Plummer, C. M. Logue, and Q. Zhang, “Antibiotic
resistance in Campylobacter: Emergence, transmission and persistence,” Future
Microbiology, vol. 4, no. 2. pp. 189-200, 2009. doi: 10.2217/17460913.4.2.189.

N. M. lovine, “Resistance mechanisms in Campylobacter jejuni,” Virulence, vol. 4, no.
3. Taylor and Francis Inc., pp. 230-240, 2013. doi: 10.4161/viru.23753.

O. H. Zachariah, M. A. Lizzy, K. Rose, and M. M. Angela, “Multiple drug resistance of
Campylobacter jejuni and Shigella isolated from diarrhoeic children at Kapsabet County
referral hospital, Kenya,” BMC Infectious Diseases, vol. 21, no. 1, Dec. 2021, doi:
10.1186/s12879-021-05788-3.

H. Arya and M. S. Coumarb, “Lead identification and optimization,” The Design and
Development of Novel Drugs and Vaccines: Principles and Protocols, pp. 31-63, Jan.
2021, doi: 10.1016/B978-0-12-821471-8.00004-0.

L. Stef, A. Cean, A. Vasile, C. Julean, D. Drinceanu, and N. Corcionivoschi, “Virulence
characteristics of five new Campylobacter jejuni chicken isolates,” 2013. [Online].
Available: http://www.gutpathogens.com/content/5/1/41

Y. C. Song et al., “FlaC, a protein of Campylobacter jejuni TGH9011 (ATCC43431)
secreted through the flagellar apparatus, binds epithelial cells and influences cell
invasion,” Molecular Microbiology, vol. 53, no. 2, pp. 541-553, Jul. 2004, doi:
10.1111/J.1365-2958.2004.04175.X.

O. Gundogdu and B. W. Wren, “Microbe Profile: Campylobacter jejuni - survival
instincts,” Microbiology (Reading), vol. 166, no. 3, pp. 230-232, Mar. 2020, doi:
10.1099/MIC.0.000906.

D. W. Waite et al., “Comparative genomic analysis of the class Epsilonproteobacteria

and proposed reclassification to epsilonbacteracota (phyl. nov.),” Frontiers in
Microbiology, vol. 8, no. APR, Apr. 2017, doi: 10.3389/FMICB.2017.00682/FULL.

M. Kist and S. Bereswill, “Campylobacter jejuni,” Contrib Microbiol, vol. 8, pp. 150-
165, 2001, doi: 10.1159/000060405.

46




[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

P. Lertsethtakarn, K. M. Ottemann, and D. R. Hendrixson, “Motility and chemotaxis in
Campylobacter and Helicobacter,” Annu Rev Microbiol, vol. 65, pp. 389-410, 2011, doi:
10.1146/ANNUREV-MICR0-090110-102908.

M. Stahl, J. Butcher, and A. Stintzi, “Nutrient acquisition and metabolism by
Campylobacter jejuni.,” Front Cell Infect Microbiol, vol. 2, p. 5, 2012, doi:
10.3389/FCIMB.2012.00005/BIBTEX.

R. E. Levin, “Campylobacter jejuni: A review of its characteristics, pathogenicity,
ecology, distribution, subspecies characterization and molecular methods of detection,”
Food Biotechnology, wvol. 21, no. 4. pp. 271-347, Oct. 2007. doi:
10.1080/08905430701536565.

J. Day, J. L. Sajecki, T. M. Pitts, and L. A. Joens, “Role of catalase in Campylobacter
jejuni intracellular survival,” Infect Immun, vol. 68, no. 11, pp. 6337—6345, 2000, doi:
10.1128/1A1.68.11.6337-6345.2000.

J. Silva, D. Leite, M. Fernandes, C. Mena, P. A. Gibbs, and P. Teixeira, “Campylobacter
spp. As a foodborne pathogen: A review,” Frontiers in Microbiology, vol. 2, no. SEP,
p. 200, 2011, doi: 10.3389/FMICB.2011.00200/BIBTEX.

M. Mushi et al., “Evaluation of detection methods for Campylobacter infections among
under-fives in Mwanza City, Tanzania,” PAMJ. 2014; 19:392, vol. 19, no. 392, Dec.
2014, doi: 10.11604/PAMJ.2014.19.392.4242.

F. M. Aarestrup and J. Engberg, “Antimicrobial resistance of thermophilic
Campylobacter,” Vet Res, vol. 32, no. 3-4, pp. 311-321, 2001, doi:
10.1051/VETRES:2001127.

W. S. Champney and M. Miller, “Inhibition of 50S ribosomal subunit assembly in
Haemophilus influenzae cells by azithromycin and erythromycin,” Current
Microbiology, vol. 44, no. 6, pp. 418-424, Jun. 2002, doi: 10.1007/S00284-001-0016-
6.

“chemical structure of azithromycin. | Download Scientific Diagram.”
https://www.researchgate.net/figure/chemical-structure-of-
azithromycin_figl 328096887 (accessed May 28, 2022).

K. Farzam, T. A. Nessel, and J. Quick, “Erythromycin,” StatPearls, Dec. 2021,
Accessed: May 28, 2022. [Online]. Available:
https://www.ncbi.nlm.nih.gov/books/NBK532249/

“Erythromycin, Macrolide antibiotic (CAS 114-07-8) (ab141205) | Abcam.”
https://www.abcam.com/erythromycin-macrolide-antibiotic-ab141205.htmi#lb
(accessed May 28, 2022).

F. Pietsch et al., “Ciprofloxacin selects for RNA polymerase mutations with pleiotropic
antibiotic resistance effects,” Journal of Antimicrobial Chemotherapy, vol. 72, no. 1, pp.
75-84, Jan. 2017, doi: 10.1093/JAC/DKW364.

M. LeBel, “Ciprofloxacin: Chemistry, Mechanism of Action, Resistance, Antimicrobial
Spectrum, Pharmacokinetics, Clinical Trials, and Adverse Reactions,”

47




[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Pharmacotherapy: The Journal of Human Pharmacology and Drug Therapy, vol. 8, no.
1, pp. 3-30, Jan. 1988, doi: 10.1002/J.1875-9114.1988.TB04058.X.

L. L. Shen and A. G. Pernet, “Mechanism of inhibition of DNA gyrase by analogues of
nalidixic acid: The target of the drugs is DNA,” Proc Natl Acad Sci U S A, vol. 82, no.
2, pp. 307-311, 1985, doi: 10.1073/PNAS.82.2.307.

“Chemical structure of ciprofloxacin | Download Scientific Diagram.”
https://www.researchgate.net/figure/Chemical-structure-of-
ciprofloxacin_figl 257652783 (accessed May 28, 2022).

“Tetracycline structure. | Download Scientific Diagram.”
https://www.researchgate.net/figure/Tetracycline-structure_fig3 266202548 (accessed
May 28, 2022).

J. Parkhill et al., “The genome sequence of the food-borne pathogen Campylobacter
jejuni reveals hypervariable sequences,” Nature 2000 403:6770, vol. 403, no. 6770, pp.
665-668, Feb. 2000, doi: 10.1038/35001088.

J. E. Moore et al., “The epidemiology of antibiotic resistance in Campylobacter,”
Microbes and Infection, vol. 8, no. 7, pp. 1955-1966, Jun. 2006, doi:
10.1016/J.MICINF.2005.12.030.

Y. Yang et al., “A Historical Review on Antibiotic Resistance of Foodborne
Campylobacter,” Frontiers in Microbiology, vol. 10. Frontiers Media S.A., Jul. 26,
2019. doi: 10.3389/fmich.2019.01509.

W. J. Page, G. Huyer, M. Huyer, and E. A. Worobec, “Characterization of the porins of
Campylobacter jejuni and Campylobacter coli and implications for antibiotic
susceptibility,” Antimicrobial Agents and Chemotherapy, vol. 33, no. 3, pp. 297-303,
1989, doi: 10.1128/AAC.33.3.297.

J. Davies, “Inactivation of Antibiotics and the Dissemination of Resistance Genes,”
Science  (1979), wvol. 264, no. 5157, pp. 375-382, 1994, doi:
10.1126/SCIENCE.8153624.

J. M. A. Blair, M. A. Webber, A. J. Baylay, D. O. Ogbolu, and L. J. V. Piddock,
“Molecular mechanisms of antibiotic resistance,” Nat Rev Microbiol, vol. 13, no. 1, pp.
42-51, Jan. 2015, doi: 10.1038/NRMICRO3380.

W. C. Reygaert, “An overview of the antimicrobial resistance mechanisms of bacteria,”
AIMS Microbiology, vol. 4, no. 3, p. 482, 2018, doi: 10.3934/MICROBIOL.2018.3.482.

S. M. Soto, “Role of efflux pumps in the antibiotic resistance of bacteria embedded in a
biofilm,” http://dx.doi.org/10.4161/viru.23724, vol. 4, no. 3, pp. 223-229, 2013, doi:
10.4161/VIRU.23724.

H. Yao et al., “Emergence of a Potent Multidrug Efflux Pump Variant That Enhances
Campylobacter Resistance to Multiple Antibiotics,” mBio, vol. 7, no. 5, Sep. 2016, doi:
10.1128/MBI0.01543-16.

48




[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

T. Grinnage-Pulley, Y. Mu, L. Dai, and Q. Zhang, “Dual repression of the multidrug
efflux pump CmeABC by CosR and CmeR in Campylobacter jejuni,” Frontiers in
Microbiology, wvol. 7, no. JUL, p. 1097, Jul. 2016, doi:
10.3389/FMICB.2016.01097/BIBTEX.

M. W. Vetting, S. S. Hegde, M. Wang, G. A. Jacoby, D. C. Hooper, and J. S. Blanchard,
“Structure of QnrB1, a Plasmid-mediated Fluoroquinolone Resistance Factor,” The
Journal of Biological Chemistry, vol. 286, no. 28, p. 25265, Jul. 2011, doi:
10.1074/JBC.M111.226936.

J. M. Ling, E. W. Chan, A. W. Lam, and A. F. Cheng, “Mutations in Topoisomerase
Genes of Fluoroquinolone-Resistant Salmonellae in Hong Kong,” Antimicrobial Agents
and Chemotherapy, vol. 47, no. 11, pp. 3567-3573, Nov. 2003, doi:
10.1128/AAC.47.11.3567-3573.2003.

D. E. Fouts et al., “Major structural differences and novel potential virulence

mechanisms from the genomes of multiple campylobacter species,” PL0S Biology, vol.
3, no. 1, Jan. 2005, doi: 10.1371/JOURNAL.PBIO.0030015.

I. Nachamkin, X. H. Yang, and N. J. Stern, “Role of Campylobacter jejuni flagella as
colonization factors for three-day-old chicks: analysis with flagellar mutants,” Appl
Environ Microbiol, vol. 59, no. 5, pp. 1269-1273, 1993, doi: 10.1128/AEM.59.5.1269-
1273.1993.

O. R. Pavlovskis et al., “Significance of flagella in colonization resistance of rabbits
immunized with Campylobacter spp,” Infect Immun, vol. 59, no. 7, pp. 22592264,
1991, doi: 10.1128/1A1.59.7.2259-2264.1991.

T. M. Wassenaar, B. A. M. van der Zeijst, R. Ayling, and D. G. Newell, “Colonization
of chicks by motility mutants of Campylobacter jejuni demonstrates the importance of
flagellin A expression,” Journal of General Microbiology, vol. 139, no. 6, pp. 1171—
1175, Jun. 1993, doi: 10.1099/00221287-139-6-1171/CITE/REFWORKS.

M. M. S. M. Wésten, J. A. Wagenaar, and J. P. M. van Putten, “The FIgS/FIgR two-
component signal transduction system regulates the fla regulon in Campylobacter
jejuni,” J Biol Chem, vol. 279, no. 16, pp. 16214-16222, Apr. 2004, doi:
10.1074/IJBC.M400357200.

M. E. Konkel et al., “Secretion of virulence proteins from Campylobacter jejuni is
dependent on a functional flagellar export apparatus,” Journal of Bacteriology, vol. 186,
no. 11, pp. 3296-3303, Jun. 2004, doi: 10.1128/JB.186.11.3296-
3303.2004/ASSET/2A817DE9-9363-4652-A6EB-
6A15AE4F12A7/ASSETS/GRAPHIC/ZJB0110437140005.JPEG.

M. E. Konkel, B. J. Kim, V. Rivera-Amill, and S. G. Garvis, “Identification of proteins
required for the internalization of Campylobacter jejuni into cultured mammalian cells,”
Adv Exp Med Biol, vol. 473, pp. 215-224, 1999, doi: 10.1007/978-1-4615-4143-1_22.

P. Guerry, “Campylobacter flagella: not just for motility,” Trends Microbiol, vol. 15,
no. 10, pp. 456461, Oct. 2007, doi: 10.1016/J.T1IM.2007.09.006.

49




[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

G. H. Wadhams and J. P. Armitage, “Making sense of it all: bacterial chemotaxis,”
Nature Reviews Molecular Cell Biology 2004 5:12, vol. 5, no. 12, pp. 1024-1037, Dec.
2004, doi: 10.1038/nrm1524.

M. B. Hugdahl, J. T. Beery, and M. P. Doyle, “Chemotactic behavior of Campylobacter
jejuni.,” Infection and Immunity, vol. 56, no. 6, p. 1560, 1988, doi:
10.1128/1A1.56.6.1560-1566.1988.

V. Sourjik, “Receptor clustering and signal processing in E. coli chemotaxis,” TRENDS
in Microbiology, vol. 12, no. 12, 2004, doi: 10.1016/j.tim.2004.10.003.

V. Kreling, F. H. Falcone, C. Kehrenberg, and A. Hensel, “Campylobacter sp.:
Pathogenicity factors and prevention methods-new molecular targets for innovative
antivirulence drugs?”, doi: 10.1007/s00253-020-10974-5/Published.

M. E. Konkel, S. G. Garvis, S. L. Tipton, D. E. Anderson, and W. Cieplak,
“Identification and molecular cloning of a gene encoding a fibronectin-binding protein
(CadF) from Campylobacter jejuni,” Molecular Microbiology, vol. 24, no. 5, pp. 953—
963, Jun. 1997, doi: 10.1046/J.1365-2958.1997.4031771.X.

M. E. Konkel, J. E. Christensen, A. M. Keech, M. R. Monteville, J. D. Klena, and S. G.
Garvis, “Identification of a fibronectin-binding domain within the Campylobacter
jejuni CadF protein,” Molecular Microbiology, vol. 57, no. 4, pp. 1022-1035, Aug.
2005, doi: 10.1111/J.1365-2958.2005.04744.X.

M. R. Monteville, J. E. Yoon, and M. E. Konkel, “Maximal adherence and invasion of
INT 407 cells by Campylobacter jejuni requires the CadF outer-membrane protein and
microfilament reorganization,” Microbiology (Reading), vol. 149, no. Pt 1, pp. 153-165,
Jan. 2003, doi: 10.1099/MIC.0.25820-0.

F. Kawai et al., “Crystal structure of JIpA, a surface-exposed lipoprotein adhesin of
Campylobacter jejuni,” Journal of Structural Biology, vol. 177, no. 2, pp. 583-588, Feb.
2012, doi: 10.1016/j.jsh.2012.01.001.

S. Jin, Y. C. Song, A. Emili, P. M. Sherman, and V. Loong Chan, “JIpA of
Campylobacter jejuni interacts with surface-exposed heat shock protein 90alpha and
triggers signalling pathways leading to the activation of NF-kappaB and p38 MAP
kinase in epithelial cells,” Cell Microbiol, vol. 5, no. 3, pp. 165-174, Mar. 2003, doi:
10.1046/J.1462-5822.2003.00265.X.

S. S. A. Ashgar et al., “CapA, an autotransporter protein of Campylobacter jejuni,
mediates association with human epithelial cells and colonization of the chicken gut,” J
Bacteriol, vol. 189, no. 5, pp. 1856-1865, Mar. 2007, doi: 10.1128/JB.01427-06.

B.D, I. K, and S. C, “Role of microfilaments and microtubules in the invasion of INT-
407 cells by Campylobacter jejuni,” Microbiol Immunol, vol. 47, no. 6, 2003, doi:
10.1111/J.1348-0421.2003.TB03372.X.

M. Krause-Gruszczynska et al., “Role of the small Rho GTPases Racl and Cdc42 in
host cell invasion of Campylobacter jejuni,” Cell Microbiol, vol. 9, no. 10, pp. 2431
2444, Oct. 2007, doi: 10.1111/J.1462-5822.2007.00971.X.

50




[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

T. P. Eucker and M. E. Konkel, “The cooperative action of bacterial fibronectin-binding
proteins and secreted proteins promote maximal Campylobacter jejuni invasion of host
cells by stimulating membrane ruffling,” Cell Microbiol, vol. 14, no. 2, pp. 226-238,
Feb. 2012, doi: 10.1111/J.1462-5822.2011.01714.X.

C. L. Larson, J. E. Christensen, S. A. Pacheco, S. A. Minnich, and M. E. Konkel,
“Campylobacter jejuni Secretes Proteins via the Flagellar Type III Secretion System
That Contribute to Host Cell Invasion and Gastroenteritis,” Campylobacter, pp. 315—
332, Apr. 2014, doi: 10.1128/9781555815554.CH18.

J. M. Neal-Mckinney, M. E. Konkel, A. Stintzi, S. Gilk, and S. Logan, “The
Campylobacter jejuni CiaC virulence protein is secreted from the flagellum and
delivered to the cytosol of host cells,” 2012, doi: 10.3389/fcimb.2012.00031.

G. Sliwoski, S. Kothiwale, J. Meiler, and E. W. Lowe, “Computational Methods in Drug
Discovery,” Pharmacological Reviews, vol. 66, no. 1, p. 334, Jan. 2014, doi:
10.1124/PR.112.007336.

M. Magrane and U. P. Consortium, “UniProt Knowledgebase: A hub of integrated
protein data,” Database, vol. 2011, 2011, doi: 10.1093/DATABASE/BAR009.

S. F. Altschul, W. Gish, W. Miller, E. W. Myers, and D. J. Lipman, “Basic local
alignment search tool,” J Mol Biol, vol. 215, no. 3, pp. 403-410, 1990, doi:
10.1016/S0022-2836(05)80360-2.

T. Schwede, J. Kopp, N. Guex, and M. C. Peitsch, “SWISS-MODEL: An automated
protein homology-modeling server,” Nucleic Acids Res, vol. 31, no. 13, pp. 3381-3385,
Jul. 2003, doi: 10.1093/NAR/GKG520.

A. Waterhouse et al., “SWISS-MODEL: homology modelling of protein structures and
complexes,” Nucleic Acids Research, vol. 46, no. W1, pp. W296-W303, Jul. 2018, doi:
10.1093/NAR/GKY427.

L. A. Kelley, S. Mezulis, C. M. Yates, M. N. Wass, and M. J. E. Sternberg, “The Phyre2
web portal for protein modeling, prediction and analysis,” Nature Protocols 2015 10:6,
vol. 10, no. 6, pp. 845-858, May 2015, doi: 10.1038/nprot.2015.053.

J. Jumper et al., “Highly accurate protein structure prediction with AlphaFold,” Nature
2021 596:7873, vol. 596, no. 7873, pp. 583-589, Jul. 2021, doi: 10.1038/s41586-021-
03819-2.

R. A. Laskowski, J. Jablonska, L. Pravda, R. S. Varekova, and J. M. Thornton,
“PDBsum: Structural summaries of PDB entries,” Protein Science : A Publication of the
Protein Society, vol. 27, no. 1, p. 129, Jan. 2018, doi: 10.1002/PR0O.3289.

M. Wiederstein and M. J. Sippl, “ProSA-web: interactive web service for the recognition
of errors in three-dimensional structures of proteins,” Nucleic Acids Research, vol. 35,
no. suppl_2, pp. W407-W410, Jul. 2007, doi: 10.1093/NAR/GKM290.

J. J. Irwin, T. Sterling, M. M. Mysinger, E. S. Bolstad, and R. G. Coleman, “ZINC: A
free tool to discover chemistry for biology,” Journal of Chemical Information and

51




Modeling, wvol. 52, no. 7, pp. 1757-1768, Jul. 2012, doi:
10.1021/C13001277/SUPPL_FILE/CI3001277_SI_001.PDF.

[74] S. Kim et al., “PubChem in 2021: new data content and improved web interfaces,”
Nucleic Acids Res, vol. 49, no. D1, pp. D1388-D1395, Jan. 2021, doi:
10.1093/NAR/GKAA971.

[75] Y. Murakami, S. Omori, and K. Kinoshita, “NLDB: a database for 3D protein—ligand
interactions in enzymatic reactions,” Journal of Structural and Functional Genomics,
vol. 17, no. 4, p. 101, Dec. 2016, doi: 10.1007/S10969-016-9206-0.

[76] X.Zengetal., “NPASS: natural product activity and species source database for natural
product research, discovery and tool development,” Nucleic Acids Research, vol. 46, no.
Database issue, p. D1217, Jan. 2018, doi: 10.1093/NAR/GKX1026.

[77] W. Tian, C. Chen, X. Lei, J. Zhao, and J. Liang, “CASTp 3.0: computed atlas of surface
topography of proteins,” Nucleic Acids Research, vol. 46, no. W1, pp. W363-W367,
Jul. 2018, doi: 10.1093/NAR/GKY473.

[78] E. F. Pettersen et al., “UCSF Chimera--a visualization system for exploratory research
and analysis,” J Comput Chem, vol. 25, no. 13, pp. 1605-1612, Oct. 2004, doi:
10.1002/JCC.20084.

[79] B. Gautam, “Energy Minimization,” Homology Molecular Modeling - Perspectives and
Applications, Nov. 2020, doi: 10.5772/INTECHOPEN.94809.

[80] S. Forli, R. Huey, M. E. Pique, M. F. Sanner, D. S. Goodsell, and A. J. Olson,
“Computational protein-ligand docking and virtual drug screening with the AutoDock
suite,” Nat Protoc, vol. 11, no. 5, pp. 905919, May 2016, doi:
10.1038/NPROT.2016.051.

[81] O.Trottand A. J. Olson, “AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization and multithreading,” J Comput
Chem, vol. 31, no. 2, p. 455, Jan. 2010, doi: 10.1002/JCC.21334.

[82] S. Dallakyan and A. J. Olson, “Small-molecule library screening by docking with
PyRx,” Methods Mol Biol, vol. 1263, pp. 243-250, 2015, doi: 10.1007/978-1-4939-
2269-7_109.

[83] T.Y. Tsai, K. W. Chang, and C. Y. C. Chen, “iScreen: world’s first cloud-computing
web server for virtual screening and de novo drug design based on TCM
database@Taiwan,” J Comput Aided Mol Des, vol. 25, no. 6, pp. 525-531, Jun. 2011,
doi: 10.1007/510822-011-9438-9.

[84] S. Parham et al., “Antioxidant, antimicrobial and antiviral properties of herbal
materials,” Antioxidants, vol. 9, no. 12. MDPI, pp. 1-36, Dec. 01, 2020. doi:
10.3390/antiox9121309.

[85] “BIOVIA  Discovery Studio - BIOVIA - Dassault Systémes®.”
https://www.3ds.com/products-services/biovia/products/molecular-modeling-
simulation/biovia-discovery-studio/ (accessed May 28, 2022).

52




[86] J. Singh, A. Srivastava, P. Jha, K. K. Sinha, and B. Kundu, “l-Asparaginase as a new
molecular target against leishmaniasis: insights into the mechanism of action and
structure-based inhibitor design,” Molecular BioSystems, vol. 11, no. 7, pp. 1887-1896,
Jul. 2015, doi: 10.1039/c5mb00251f.

53




