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Abstract

Background The rising cases of resistance to existing antibiotics by Salmonella typhi, has made the development

of novel drug candidates a necessity. In this study, a data set of antibacterial pyridine substituted coumarins were sub-
jected to Virtual Screening against SipA effector protein of the bacterium. The compounds were geometry-optimized
using Semi-empirical (pm3) method in Spartan 14 software, docked against the active sites of SipA using AutoDock
Vina software. The molecule with the best docked score was selected as template and subjected to structural modifi-
cations leading to the design of a novel coumarin based drug candidate codenamed Y-1.

Results The docking of Y-1 against SipA revealed that it binds to the target with AG value of —9.1 kcal/mol. This
value is better than —6.8 kcal/mol obtained for ciprofloxacin used herein for quality assurance. Additionally, quantum
mechanical calculations on Y-1 using DFT (B3LYP/6-31G* basis set) shows a wide energy gap of 3.44 eV and w value

availability and positive pharmacokinetic profiles.

antibiotics against Salmonella typhi.

of 147 eV, indicating its sound kinetic and thermodynamic stabilities. Y-1 was also found to possess good oral bio-

Conclusion This is the first time coumarin derivatives are screened against an effector protein of Salmonella typhi. It
is envisaged that the findings of this research will provide an excellent blueprint toward the development of novel

Keywords Typhoid fever, SipA, DFT, In-silico, Salmonella typhi

1 Background

At its earlier stage, the application of Computational
Chemistry techniques to solve real life challenges faced
some drawbacks owing principally to poor sophistica-
tion in computer software and hardware. However, with
advancement in computing technology, these challenges
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are gradually been surmounted. A significant milestone
in this research area is the use of Computer Aided Drug
Design strategies to develop novel drugs such as Capto-
pril, Dorzolamide, Saquinavir, Zanamivir, Oseltamivir,
Aliskiren, Boceprevir, Nolatrexed, TMI-005, LY-517717,
Rupintrivir and NVP-AUY922, many of which have either
been approved or in clinical trials [1]. Just quiet recently,
Martin Karplus of Harvard University, US, Michael Levitt
of Stanford University, US, and Arieh Warshel of the Uni-
versity of Southern California, US, were awarded Nobel
Prize in Chemistry for applying Computational Chem-
istry techniques to model complex chemical systems. By
applying quantum and classical calculations to different
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parts of a single molecule, the trio developed Molecular
Dynamics (MD) technique that mimic the real life move-
ment of complex entities like proteins and electrostatic
calculations which could compute the attractive or repul-
sive force between charged atoms and molecules [2]

A major cause of illnesses and increased death rate
in human population is infections by pathogenic bacte-
ria. The rapid evolution of various adaptive strategies to
antibiotics by these organisms has led to development
of multidrug resistance strains of the pathogens, an ugly
circumstance that is on the verge of overwhelming the
pharmaceutical industry due to its inability to keep up
with the ever increasing demand for effective novel anti-
bacterial drugs [3]. The situation is so critical that it has
been projected that by the year 2050, the annual death
rate attributable to antibiotic resistance could be as high
as 10 million [4].

Of particular concern in this study is the rising cases
of antibiotic resistance in Salmonella typhi, an anaerobic
Gram-negative bacterium responsible for Typhoid fever
infection. This disease is prevalent in economically disad-
vantaged countries with poor health care systems and has
an estimated global annual morbidity and mortality rates
of 12—-27 million and 116, 800 respectively. It is transmit-
ted through the fecal-oral route, infecting the intestine
and the blood of the host [5-8]. The major clinical mani-
festations of Typhoid fever include fever, abdominal dis-
comfort, and several gastrointestinal complications, such
as nausea, vomiting, constipation, and diarrhea. In severe
cases, it leads to gastro intestinal perforation, bleeding,
and neurological complications [9-11].

Chloramphenicol, ampicillin and cotrimoxazole were
the first antibiotics of resort for the treatment of typhoid
fever infection [12]. The resistance to these first line
antibiotics by Salmonella typhi led to the deployment
of quinolone and PB-lactam antibiotics. Regrettably, the
emergence of quinolone and P-lactam resistant strains
of this bacterium is currently a major public health con-
cern globally [13, 14]. Resistance to the former is through
point mutations in quinolone resistance-determining
regions (QRDR) orchestrated by the acquisition of the
genes; topoisomerase IV (parC and parE) and DNA
gyrase (gyrA and gyrB) while resistance to the latter is
via the acquisition of the blaTEM gene that encode the
-lactamase enzyme that hydrolyzes the peptide bond of
the B-lactam ring, preventing the antibiotics from wield-
ing their effects [15-19]. In the light of the foregoing, it
has become expedient to search, discover, and develop
novel antibacterial agents with better potencies and dif-
ferent mechanisms of action from the existing ones.

The conventional drug discovery and development
approach is a herculean task because of the enormous
time and resources expended in the process. However,
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the application of in silico techniques as a complemen-
tary strategies help to circumvent these bottlenecks. One
of these techniques is application of structure based drug
design (SBDD). In SBDD, the 3D structure of the target
protein is known, and following molecular docking simu-
lation studies, the binding affinities of tested compounds
to the target are calculated, paving way for the design of
novel therapeutic molecule with better binding to the
target protein [20, 21]. Furthermore, ADME/T defines
the Absorption, Distribution, Metabolism, Excretion
and Toxicity of a therapeutic compound. The success
of a drug in clinical trials is greatly dependent on these
properties. Computer aided ADME/T profiling of drug
candidates is therefore an essential component of mod-
ern drug design as early prediction of these properties
in drug candidates help minimize attrition rate in drug
development [22, 23].

Salmonella typhi will ordinarily not be able to sur-
vive in the intestine when ingested by its host (human)
because of the harsh conditions of the extracellular
milieu orchestrated by factors such as low pH, shear
stress due to mucosal secretions or blood and host
defense mechanisms. Thus, Central to its pathogenesis is
the ability to invade the intestines of its host and gains
entry into the tissues where it replicates rapidly and man-
ifest varying degree of virulence [24, 25]. The invasion
of this organism into the host cell is influence by type-
3-secretion effector protein known as SipA. This it does
by binding directly to actin, a major protein constituent
of cytoskeleton, cooperating with the pathogen to pro-
mote the formation of actin filaments at the site of bacte-
rial adhesion, and prevent filament disassembly by host
factors [26]. Furthermore, tight junctions are specialized
cell junctions that bounds epithelial cells lining the small
intestine and prevent even small molecules from passing
into the lumen. The integrity of these junctions is main-
tained by two major transmembrane proteins, claudins
and occludins. Salmonella typhi with the aid of its SipA
effector protein compromises the structures of these
junctions during infection by decreasing the amount of
phosphorylated occludin, leading to diarrhea and other
pathogenic effects [27, 28]. Likewise, after internaliza-
tion, Salmonella typhi creates its intracellular niche in an
exclusive membrane-bound compartment known as the
Salmonella containing vacuole (SCV) where it replicates
comfortably [29]. The intermediate stage of the biogen-
esis of SCV is governed by SipA effector protein.

Coumarins constitute a crucial member of benzopy-
rone class of compounds with diverse structural features
and profound biological and pharmacological properties.
Their bioactivities include antibacterial, antifungal and
insecticidal properties. Also, coumarins could be used
as anticoagulants, antithrombotic, HIV inhibitors and
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human progesterone receptor agonists. They are essential
components of established drugs. For instance, Novo-
biocin and Chlorobiocin are approved coumarin based
antimicrobial drugs [30-33].

In view of the fundamental roles SipA effector protein
plays in Salmonella typhi’s virulence and pathogenicity,
its inhibition by bioactive compounds is undoubtedly a
rational drug discovery strategy. Thus, this study is aimed
at the design of novel antagonists of SipA protein of Sal-
monella typhi using computer-aided drug design tech-
niques. The application of these techniques has led to the
design of a novel coumarin based drug candidate (Y-1)
with strong antagonistic potential against SipA protein of
Salmonella typhi. The novel ligand, Y-1 was also found to
exhibit sound ADMET profile. This is the first time cou-
marin analogs are screened against an effector protein,
SipA, of Salmonella typhi.

2 Methods

2.1 Data collection and geometry optimization

In this work, a total of 25 leads were obtained from
recent literature [34]. The inhibitory activities of the
leads were measured using the same experimental proce-
dures and a wide range of inhibitory activities were cov-
ered. The 2D structure of the molecules were drawn with
ChemDraw V12.0 and imported into Spartan’14 software
(www.wavefun.com) interface where they were converted
to 3D. The ligands were geometry-optimized using the
Semi-empirical (pm3) method and subsequently saved as
PDB and sdf file formats for further analysis. The struc-
tures of the leads and their anti-Salmonella typhi inhibi-
tory activities are presented in Table 1.

2.2 Virtual screening

Virtual screening involves the use of computational
methods to analyze databases of bioactive compounds
with the sole aim of identifying potential hit candidates.
The computational method deployed here for screen-
ing the data set of the investigated bioactive molecules is
Molecular Docking simulation, a technique that allows
accurate prediction of the strength of association or bind-
ing affinity between the leads (ligands) and the target pro-
tein (SipA). With the aid of AutoDock Vina sotware, the
optimized ligands were prepared and saved as pdbqt files.
The three-dimensional crystal of SipA protein with pro-
tein data bank code of 1q5z was obtained from www.rcsb.
org/pdb. The heteroatoms and water molecules attached
to the protein target were removed using the Discovery
Studio v2016. Polar hydrogens and Kollman charges were
added to the prepared protein, non-polar hydrogen were
removed, and missing atoms were checked and repaired
using the AutoDock Vina tool v1.5.7. Furthermore, the
dimensions of the grid box were generated to cover all
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the residues of the enzyme and docking was performed
using EasyDock vina v2.2. Lastly, the modes of interac-
tion of the ligands with the residual amino acids of the
macromolecule were investigated using the Discovery
Studio Visualizer v16.1.0.15350 [35].

2.3 Design of new ligands

Design of novel ligands is necessarily in order to obtain
analog with enhanced potency. Here, the molecule with
the best dock score (lowest AG value) was selected as
template. The molecular features of the template mol-
ecule vital for its binding specificity against the SipA
enzyme known as its pharmacophores were noted via
the analysis of the diagram of interaction of the mole-
cule with the target enzyme. The pharmacophores were
modified to give a newly designed analog named Y-1. The
designed compound and a standard antibiotic (Ciproflox-
acin) used for quality assurance were further subjected to
molecular docking simulation against the active sites of
SipA protease target using the same procedures for the
lead molecules described in Sect. 2.2 [35].

2.3.1 Drug-likeness assessment of the designed compound
Drug-likeness assesses the suitability of a therapeu-
tic molecules for oral administration. This vital insilico
assessment was done on ligand Y-1 using the famous
Lipinski’s rule of five and the Veber’s rules. According
to Lipinski’s rule, a drug would most likely be orally bio-
available if it obeys at least three of the following condi-
tions; molecular weight (MW) <500 g/mol, number of
hydrogen bond donors (HBD) <5, octanol/ water parti-
tion coefficient Log P<5 and number of hydrogen bond
acceptors (HBA) <10 [30]. The Veber’s rule on the other
hand states that for a drug to be orally bioavailable, the
number of rotatable bonds (NRB) must be<10 and
topological polar surface area (TPSA) must be<140 A?
[36, 37]. The physicochemical descriptors of drug like-
ness of Y-1 ligand was computed with the aid of Swis-
sADME tool at www.swissadme.ch/ DataWarrior V5.5.0
chemo-informatics tool.

2.3.2 ADME/T estimate

ADME/T is a pharmaceutical acronym that deals with
chemical Absorption (A), Distribution (D), Metabolism
(M), Excretion (E) and Toxicity (T) of a therapeutic com-
pound. The success of a drug in clinical trials is greatly
dependent on these properties. Insilico ADME/T profil-
ing of drug candidates is therefore an essential compo-
nent of modern drug design [38, 39]. ADME/T profiles of
Y-1 was computed using SwissADME (www.swissadme.
ch/ accessed on 21 September, 2022) and DataWarrior
V5.5.0 chemoinformatics program.
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Table 1 2D structures and Invitro MIC values of the investigated compounds

S/n Structure MIC (pg/mL) S/n Structure MIC (ng/mL)
1 200 2 500

3 250 4 200

5 500 6 200

7 63 8 500
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Table 1 (continued)

S/n Structure MIC (pg/mL) S/n Structure MIC (ng/mL)
9 100 10 500

1 200 12 250

13 100 14 250
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Table 1 (continued)
S/n Structure MIC (pg/mL) S/n Structure MIC (ng/mL)
15 500 16 200
17 250 18 50
19 100 20 200
H;CO.
21 200 22 250
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Table 1 (continued)
S/n Structure MIC (pg/mL) S/n Structure MIC (ng/mL)
23 500 24 100

H3CO.
25 100

2.3.3 Quantum mechanical calculation on the designed
compound

The Spartan’14 software (www. wavef un. com) was used
to perform quantum calculations on ligand Y-1. Geome-
try optimization and frequency calculations were carried
out using DFT alongside the B3LYP standard princi-
ple in conjunction with the split-valence 6-31G** basis
function. The choice of this method is anchored on its
computational efficiency and high accuracy in obtain-
ing geometries, zero-point energy (ZPE) and frequencies
[40-42].

The chemical and physical stability of drugs are crucial
to their overall quality and safety. Due to the important
roles the frontier molecular orbitals plays in molecular
stability, their assessment forms an integral component
of pharmaceutical research [43]. The frontier molecu-
lar orbitals is made up of the highest occupied molecu-
lar orbital (HOMO) and Lowest unoccupied molecular
orbital (LUMO). The LUMO serves as electron acceptor
with an associated energy expressed as electron affinity
(EA), while the HOMO plays the role of electron donors
and its energy is linked to ionization potential (IP). The
charge transfer interaction within a molecule is explained
by the HOMO-LUMO energy gap defined in Eq. 1. This
energy gap helps to ascertain the electrical transport sys-
tem within the molecule. A high frontier orbital energy
gap in a molecule connotes low chemical reactivity and

high kinetic stability due to the fact that the addition of
electrons from the low lying HOMO to high lying LUMO
is not energetically feasible [41, 44].

AE (Energy gap) = ELumo—EnoMO (1)

where E|uo and Eyopo denote energy of LUMO and
energy of HOMO, respectively.

Aside the application of HOMO-LUMO energy gap as
a measure of stability, another parameter based on ther-
modynamic properties of molecules is the global elec-
trophilicity index (w). @ refers to the reduction in energy
of a system when electrons flow from the HOMO to the
LUMO of a molecule. Equation 2 presents the mathemat-
ical equation for computing the value of ® in a molecule.

w=—, (2)

where 7 is the global chemical hardness and u the elec-
tronic chemical potential which describes the charge
transfer within a system in the ground state. Equations 3
and 4, defines # and g, respectively.

_ Erumo — EHomo

. 3
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Erumo + Exomo
n= 5

(4)

Low value of w connotes decreased molecular reactivity
and sound thermodynamic stability of a molecule [41].

3 Results

3.1 Molecular docking assessment of lead molecules
Design of strong antagonists of SipA enzyme is a
rational modern drug discovery strategy owing to
the prominent roles this effector protein plays in the
pathogenesis and virulence of Salmonella typhi in the
host cells. The result of molecular docking simulation
performed on the synthesized bioactive pyridine-sub-
stituted coumarins against the SipA protease of the
bacterium is presented in Table 2. The magnitude of
the interaction between the compounds and the target

Table 2 Binding affinity values of the pyridine-substituted
coumarins with SipA target protein

S.no AG (kcal/mol) S.no AG (kcal/mol) S.no AG (kcal/mol)
1 -83 10 -83 19 -8.1

2 -8.1 1M -85 20 —8.1

3 -8.1 12 -86 21 —8.1

4 -80 13 -84 22 -83

5 —8.1 14 -83 23 -8.1

6 -84 15 -85 24 -81

7 -84 16 -80 25 -8.1

8 -82 17 -8.1

9 -8.1 18 -80

|

|

] Pi-Cation
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protein was expressed as change in Gibb’s free energy
of binding (AG). The more negative the value of AG
the higher the binding affinity. However, because com-
pounds 12 displayed the best AG value, it was selected
as template for designing more potent derivatives of
pyridine-substituted coumarins. The 2D and 3D dia-
gram of interaction of the template molecule is pre-
sented in Fig. 1.

3.2 The designed ligand

The aggregation of the steric and electronic features of
a molecule that enhances its interaction with macromo-
lecular target constitutes its pharmacophores. Careful
evaluation of the diagram of interaction of the template
with the target protease in Fig. 1 reveals the pharmaco-
phoric influence of the conjugated cyclic rings on the
binding interaction of the ligands. For enhanced binding
affinity of newer moieties, the structure of the template
was modified via the attachment of cyclopentadiene ring.
Also, the presence of hydrogen bond in a protein-ligand
complex is necessary owing to the stabilizing effect of the
association. Conventional hydrogen bond is absent in
the complex of the template with SipA protease (Fig. 1).
Hence, hydroxyl functional group was also attached to
the parent moiety. These structural adjustments led to
the design of a more potent analog codenamed Y-1 whose
2D chemical structure and that of ciprofloxacin (CiproF)
are shown in Fig. 2. The 2D and 3D interaction of Y-1 and
Ciprofloxacin with the active sites of SipA protease are
displayed by Fig. 3, while their binding affinity values and
IUPAC names are presented in Table 3.

ASP
AS530

ARG
ALA A532

A5941

LEU
AB31

Interactions

—_

van der Waals

I Alkyl
I Pi-Alkyl

| Pi-Anion

——

Fig. 1 3D and 2D diagram of the template in complex with SipA protease (AG=-8.6 kcal/mol)
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Fig. 2 2D chemical structures of the novel ligand and Ciprofloxacin
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THR
AS79
GL e
ASa3 ASS3
ASP
LE
ASao AE3a
ASP
AB39
u THR
AB38
ALA LEU
PHE Aess ARG ASa1 ABAZ
MET AS39 3 asaz
AS37 )
AB31L
HIS
AS3s 2o
Interactions
I van der Waals Pi-Sigma

Conventional Hydrogen Bond Alkyl

Pi-Cation I Pi-Alkyl

Pi-Anion

ASN
AS533
PRO T
THR A529 THR
A527 A543 AS79
SER
A526
GLU
A:533
VAL H
A528
Gy
A537 PRO
2, 5%
ASN
AS77
Interactions
van der Waals Pi-Sigma
Conventional Hydrogen Bond | Akyl

I |

Carbon Hydrogen Bond

B: Ciprofloxacin in complex with active sites of SipA protein target (AG = -6.8 kcal/mol)

Fig. 3 3D and 2D diagram of the designed compound and ciprofloxacin in complex with the active sites of SipA protease
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Table 3 binding affinity values and IUPAC names of Y-1 and Ciprofloxacin

Compound ID AG (kcal/mol) IUPAC name

Y-1 -9.1 4,7-dihydroxy-8-(8-(2-hydroxycyclopenta-1,3-dien-1-yl)-4-(m-tolyl)-5H-indeno(1,2-b]
pyridin-2-yl)-2H-chromen-2-one

CiproF -6.6 1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylic acid

3.2.1 Oral bioavailability, pharmacokinetic, and toxicity
profiles of ligand Y-1 and ciprofloxacin

Drug-likeness and ADMET profiles of bioactive com-

pounds are grossly influenced by certain physicochemi-

cal descriptors. These descriptors are computed for Y-1

and the reference antibiotic. The results are presented in

Table 4.

3.2.2 The computed electronic properties of Y-1

Figure 4 presents the shape and energy plots of the fron-
tier orbitals of the designed ligand while the descriptors
of its reactivity are listed in Table 5.

4 Discussions

4.1 Virtual screening of the bioactive compounds

Actin filaments (polymers of actin) are protein fila-
ments in the cytoplasm of eukaryotic cells that consti-
tute a portion of the cytoskeleton. They engulf particles
in addition to providing mechanical support and shape
to the cell. SipA protease of Salmonella typhi enhances
the invasion of the bacterium into the host cell by bind-
ing to actin, cooperate with the bacterium to form actin
filament at the site of bacterial adhesion and prevent fila-
ment disassembly by host factors [30]. This enzyme also
causes disruption of tight junctions leading to diarrhea
and other pathogenic effects in addition to promoting
biogenesis of Salmonella containing vacuole [32, 33, 40].
Thus, this enzyme plays important roles in the virulence
and pathogenicity of Salmonella typhi, making it a tar-
get of drug candidates [45]. In the light of this, molecu-
lar docking simulation was performed on the studied

Table 4 Drug-likeness and ADMET profiles of the designed ligand

compounds to examine the binding affinity values with
SipA protease. The result of the investigation presented
in Table 2 reveals that compounds 12 with AG value of
-8.6 exhibits the best binding affinity with the active sites
of the protease and was selected as template molecule
for the design of more potent analog. Investigation of the
diagram of interaction (Fig. 2) reveals that the conjugated
cyclic rings are the major pharmacophores of the com-
pounds. The lipophilic character of the conjugated ring
system could be responsible for enhanced contact with
the target protein.

4.2 The newly designed ligand

In a bid to design more potent pyridine-substituted
coumarins with strong antagonistic potentials against
the SipA protease of the bacteria, the template molecule
was subjected to pharmacophoric modifications leading
to the design of Y-1 (Fig. 2) with binding affinity value
of —9.1 kcal/mole (Table 3). These novel ligand displays
more potent than the standard ligand, ciprofloxacin
having binding affinity value of —6.8 kcal/mol against
the target protease. Assessment of the diagram of inter-
action of the designed ligand and ciprofloxacin with
active sites of SipA shown in Fig. 3 revealed that Y-1
binds to the target protein via hydrophobic interaction
with ALA583, ALA541, ARG542, LEU634, and LYS586
in alkyl and pi-alkyl types of interaction. Also, cation
and pi-cation interactions were observed with ASP540,
ARG633, and ASP639. These interactions were stabi-
lized by a conventional hydrogen bond with PHE539
amino acid residue of the protease. Furthermore, the

Ligand Mw MiogP LogS TPSA NRB HBA HBD Toxicity Pharmacokinetic
Y-1 5135 352 -6.92 108.9 3 6 3 M: No CYP450 Substrate: Yes
T:No P-gp substrate: No
R:No GIA: Yes
BBB:No
CiproF 3313 1.28 -1.32 74.57 3 5 2 M: No CYP45 Substrate: Yes
T:No P-gp substrate: Yes
R:No GIA: Yes
BBB: No

Mw molecular weight, TPSA topological polar surface area, NRB number of rotatable bond, HBA hydrogen bond acceptor, HBD hydrogen bond donor, M mutagenicity,
T tumorigenic effect, R reproductive effect, GIA gastrointestinal absorption, P-gp P-glycoprotein, BBB blood brain barrier
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CiproF: HOMO; E=-5.63eV
Fig. 4 The shapes and energy plot of the HOMO and LUMO orbitals of Y-1 and CiproF

Table 5 Global reactivity descriptors of Y-1

LUMO; E=-1.25eV

Ligand HOMO LUMO AE u n w (eV)
(eV) (eV) (eV) (eV) (eV)

Y-1 -49 —1.46 344 -3.18 172 147

CiproF -563 -1.25 438 —344 219 2.70

standard inhibitor, ciprofloxacin displayed the least
interaction with the active sites of the target protein.
The ligands bind to SipA enzyme through hydrophobic
interactions with THR527, THR544, LYS551 and van
der waals interactions with GLY547. These associations
were stabilized by conventional hydrogen bond with
SER526 amino acid residue of the protease.

In medicinal chemistry, addition of cyclic ring sys-
tem to a bioactive moiety increases it lipophilic appeal.
The increased binding affinity of Y-1 ligand could be as
a result of additional lipophilic character and hydrogen
bonding tendency of the ligand due to added cyclopen-
tadiene ring bearing hydroxyl group. Also, the novel
ligand in addition to possessing higher potency than
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the reference Ciprofloxacin antibiotic, exhibits different
mechanisms of action against the protein target (SipA) of
the bacterium.

4.3 Assessment of drug-likeness of the designed
compound

Drug-likeness evaluation is necessarily considering the
fact that majority of drugs are taken via oral adminis-
tration. In-silico drug-likeness assessment promotes a
cost effective and time-saving drug design strategy that
helps to scientifically establish a bioactive compound as
a promising drug candidate [46, 47]. The descriptors of
drug-likeness of ligand Y-1 presented in Table 4 shows
that it obeys the Lipinski’s rule of five because it does
not violate more than one of the basic parameters stipu-
lated by the rule. Also, the ligand was found to obey the
Veber’s rule as its TPSA and NRB were found to be less
than 140 A and 10, respectively. Hence, Y-1 could be an
orally bioavailable drug candidate. In addition, the oral
bioavailability parameters of Y-1 were found to be simi-
lar to those of the standard CiproF ligand as both com-
pounds were found to obey the Lipinski’s rule of five and
the Veber’s rule.

4.4 Pharmacokinetic and toxicity evaluation
of the designed ligand

Pharmacokinetics basically takes into cognizance the
absorption (A), distribution (D), metabolism (M), and
excretion (E) of drugs in the biological system [48]. Poor
pharmacokinetic profiles of drug is responsible for high
attrition rate in pharmaceutical companies. Hence, in-
silico profiling of ADME properties of bioactive com-
pounds prior to in vitro studies is a cost effective and
time saving strategy in modern drug discovery and devel-
opment. The in-silico pharmacokinetic data (Table 4) of
the designed ligand showed that it has good gastrointes-
tinal absorption and could permeate across the intestinal
lining of humans.

Also, P-glycoprotein (P-gp) are membrane transport-
ers that protects the body from harmful substances by
extruding via efflux action, substrate xenobiotic absorbed
in the intestines back to the lumen, removing drugs from
the kidneys and liver into the urine and bile respectively,
and maintaining integrity of BBB by limiting cellular
uptake of its substrates from blood circulation into the
brain [49]. The efflux action of P-gp could also influence
the ADMET properties of drug leading to its altered effi-
cacy and consequently posing various adverse effect due
to possible drug-drug interactions [49]. The pharmacoki-
netic profile of Y-1 presented in Table 4 reveals that the
novel ligand is non-substrates of P-glycoproteins. Thus,
its serum concentration will be unaffected by the efflux
action of the transporter.
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Furthermore, Cytochrome P450 (CYP450) refers to
group of enzymes that regulates drug biotransformation,
drug interaction, and their elimination from the biologi-
cal system. Inhibition of these enzymes by any thera-
peutic molecule could result to delayed removal, severe
toxicity, and failure of the drug in the human body [50,
51]. Interestingly, Y-1 was found to be substrate of these
enzymes. Hence it could be inferred that the novel drug
candidate would be presumably well distributed, metabo-
lized, and excreted in the biological system.

Likewise, in-silico toxicity assay on ligand Y-1 to ascer-
tain its mutagenicity, tumorigenic tendency, and effect
on reproductive system (Table 4) revealed that Y-1 has
an excellent toxicity profile as it is neither mutagenic nor
tumorigenic, and displayed no effect on the reproductive
health.

As an in-silico quality control measure, the phar-
macokinetic and toxicity data of Y-1 were compared
with those of the standard ligand, CiproF (Table 4). The
designed ligand was found to display similar ADMET
profiles with the reference ligand. In-silico toxicity pro-
filing of both ligands revealed that they are none muta-
genic, none tumorigenic, and has no effect on the
reproductive system. Also, they are both substrates of
CYP450 enzymes and do not permeate the BBB. In addi-
tion, Y-1 is found to be a non-substrate of P-gp unlike the
standard ligand, CiproF.

4.5 Electronic properties of Y-1

Currently, DFT represents a widely accepted and well
known post-Hartree—Fock approach used for ab initio
calculation of energies and electronic structures of mole-
cules [52]. Analysis of the LUMO and HOMO diagram of
Y-1 shown in Fig. 4 reveals that the portion of the ligand
where hydroxylated cyclopentadiene ring bonds with the
benzene ring represent the HOMO region. The electron
donating effect of the hydroxyl group and the pi-electron
ring systems may have caused the high electron density
in this region of the molecule.

Similarly, the region of the molecule containing Pyran-
2-one fused with benzene ring represents the LUMO
section of the designed ligand. The inductively electron
withdrawing effect of benzyl ether and the electron
withdrawing effect of the ketone group by inductive and
resonance effects may be the likely cause of reduce elec-
tron density of this region of the ligand. The computed
energy gap of 3.44 eV for Y-1 (Table 5) reveals a wide AE
value, indicating the low chemical reactivity and high
kinetic stability of the therapeutic compound. Addition-
ally, global electrophilicity index (w) which is a function
of n and y, measures the ability of a molecule to take up
electrons and it is a measure of thermodynamic stability
of molecules. The low value of computed w (1.47 eV) for
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Y-1 is an indication of good thermodynamic stability of
the designed anti-Salmonella typhi drug candidate. The #
measures the resistance of a molecule to deformation in
its electron density while 4 accounts for the tendency of
electrons to leave a molecule. The most reactive molecule
is characterized by high value of 4 and low value of # [53].
As a quality control measure, the electronic properties of
the Y-1 was compared with that of the standard ligand
(CiproF). The closeness of the values of AE, y, #, and u
for both ligands (Table 5) confirms possible similarity of
kinetic and thermodynamic stability of the molecules.

5 Future research plan and study limitation

This study is limited to in silico investigations only. How-
ever, in furtherance of this research, in vitro and in vivo
studies would be performed on the designed ligand, Y-1,
in order to validate the findings of the in silico studies.

6 Conclusion

The rising incidences of resistance to existing antibiotics
by Salmonella typhi has necessitated constant search for
novel drug candidates in the drug development pipeline.
In this study, a series of bioactive pyridine-substituted
coumarins were virtually screened against a crucial pro-
tein of the bacterium (SipA) using Molecular Docking
techniques. The ligands were found to possess binding
affinity (AG) values ranging from — 8.0 to — 8.6 kcal/mol.
Ligand 12 with AG of —8.6 kcal/mol displayed the best
inhibitory role against the target macromolecule and was
selected as template molecule. Structural modification
of the template led to the design of more potent deriva-
tive (ligand Y-1) with AG value of —9.1 kcal/mol against
the target protein. When compared with Ciprofloxacin
(AG=-6.6 kcal/mol), the novel ligand was found to be
more potent. In-silico drug-likeness and ADMET assays
on the ligand revealed that it possesses excellent oral bio-
availability and pharmacokinetic profiles. In addition,
quantum mechanical calculations on ligand Y-1 reveals a
HOMO-LUMO energy gap of 3.44 eV and global elect-
ophilicity index (w) of 1.47 eV. The high energy gap and
low value of w are indicative of its sound kinetic and ther-
modynamic stabilities, which are crucial requirements of
an ideal drug. The findings of this study could provide an
excellent platform for developing novel antibiotics that
could curb the ugly trend of multidrug resistance by Sal-
monella typhi.
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