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Abstract

Objective: Typhoid fever, a disease caused by Salmonella
typhi, is a leading cause of morbidity and mortality,
particularly in developing nations. The evolution of
resistance mechanisms to existing antibiotics has neces-
sitated a search for newer drug candidates. This study
used computer aided drug design techniques to design
novel antibiotics that function by antagonizing SipB, an
effector protein of the bacterium that is responsible for its
pathogenicity and virulence in eukaryotic host cells.

Methods: A data set of 32 bioactive molecules with
established antibacterial activity against S. typhi was
retrieved from the PubChem data base; optimized
through a DFT approach in Spartan 14 software; and
further subjected to QSAR modeling in BIOVIA-
Accelrys Material Studio. The validated model
(R? = 0.80, R?aqj = 0.78, Q*Loo = 0.74, R%yreq = 0.54,
lack of fit = 0.07) revealed the dominant influence of

MATS6¢c and E3p descriptors on the observed antibac-
terial activity of the compounds. Information from the
model was used to optimize the structures of selected lead
compounds in the data set, thus leading to the design of a
highly potent set of novel analogues denoted D-1, D-2
and D-3.

* Corresponding address: Department of Chemistry, Federal
University Lokoja, P.M.B., 1154, Lokoja, Kogi State, Nigeria
E-mail: amejidreal55@gmail.com (J.P. Ameji)
Peer review under responsibility of Taibah University.

ELSEVIER Production and hosting by Elsevier

1658-3612 © 2022 The Authors.
Production and hosting by Elsevier Ltd on behalf of Taibah University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1016/j.jtumed.2022.12.010


mailto:ameji4real55@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtumed.2022.12.010&domain=pdf
www.sciencedirect.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jtumed.2022.12.010
https://doi.org/10.1016/j.jtumed.2022.12.010
https://doi.org/10.1016/j.jtumed.2022.12.010

J.P. Ameji et al. 727

Results: The predicted MIC values of D-1, D-2 and D-3
were 1.03, 0.73 and 0.30 pg/mL, respectively. Further-
more, molecular docking studies on these novel ligands
against the active sites of SipB revealed binding energy
values of —8.0, —7.7 and —7.7 kcal/mol for D-1, D-2 and
D-3, respectively. These values were better than the
—7.0 kcal/mol recorded for ciprofloxacin, the reference
antibiotic used herein for quality assurance. In addition,
drug-likeness and ADMET evaluation of the designed
compounds revealed that they are orally bioavailable and
exhibit excellent pharmacokinetic and toxicological
profiles.

Conclusion: The current findings may provide a roadmap
for the discovery of more potent antibiotics against
S. typhi.

Keywords: ADMET; Pharmacokinetic; QSAR; Salmonella
typhi; SipB; Typhoid fever
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Introduction

Salmonella typhi (S. typhi) is a rod-shaped flagellated
gram-negative bacterium responsible for typhoid fever. The
virulence of this human-specific pathogen arises from its
enclosure within a polysaccharide capsule that provides
protection by deceiving the host immune system.] Typhoid
fever poses a major health challenge, particularly in
developing nations, and causes an estimated 700,000 deaths
per year.l"2 If newer antibiotics are not discovered to
overcome the increasing multidrug resistance in S. typhi,
the global annual mortality has been predicted to rise to 10
million deaths by the year 2050, thereby resulting in an
economic loss of $100 million per year.1 This infectious
disease is transmitted through the fecal-oral route, and it is
treated with antibiotics such as chloramphenicol, ampicillin
and trimethoprim-sulfamethoxazole, as well as fluo-
roquinolones and third-generation cephalosporin. Emerging
multi-drug resistant strains of this bacterium have made the
treatment of typhoid fever a major challenge.’

To save humanity from a situation similar to that in the
pre-antibiotic era, the growing incidence of resistance by this
organism must be countered by discovery of newer antibi-
otics in the drug development pipeline. However, the enor-
mous time and resources required for conventional trial and
error approaches remain major bottlenecks to drug discov-
ery. This problem could be circumvented by the application
of computer aided drug design (CADD) techniques.4

Prominent among the CADD techniques is quantitative
structure-activity relationship (QSAR) modeling, which uses
Hansch’s approach to link the molecular descriptors of a set
of compounds to their biological properties in the form of a
regression equation, such as equation (1).” Information
derived from the QSAR model helps optimize the potency,

toxicity of lead
6

selectivity, pharmacokinetics and
compounds through modification of its pharmacophore.

Y=ax+0y+yz-+c )

where Y is the biological activity of interest; x, y and z are the
descriptors; o, B and y are the numerical coefficients; and ¢ is
the constant of the regression equation.

Another in silico technique widely used in modern drug
research is molecular docking, an approach that predicts the
binding modes and affinities of ligands (small molecules)
with their receptors (macromolecules). This technique uses a
markedly enlarged equation encompassing entropic param-
eters in the molecular mechanics models. The strength of the
binding between the ligands and receptors is measured as the
free energy of binding (AG). The energy variables that
constitute the AG scoring function are shown in equation (2).

AG = AGy + B1AGy + B2AGE + B3AGc + B4AGT + B5AG
+ B6TAST
2

where AGy, B1AGy, (2AGE, B3AGc, f4AGT and B5AGs are
free energy terms for van der Waals, hydrogen bonding,
electrostatic, conformational strain penalty, restriction of
internal rotors, global rotation, translation and the des-
olvation penalty associated with binding, respectively. The
added entropic term AST is based on the rotatable torsion
count, which is constant when poses of the same ligand are
considered. Likewise, T is the temperature in Kelvin, and
B1—B6 are ligand and biomolecule parameter coefficients.’
The docking of the ligands to active sites of the receptor in
Autodock Vina enables allocation of scores to the
molecules with a scoring algorithm.

S. typhi, after being ingested through the fecal-oral route,
adheres to epithelial lining of the ileum and colon and causes
gastrointestinal infections.® However, owing to the harsh
conditions of the extracellular milieu, including factors
such as low pH, shear stress due to mucosal secretions or
blood, and host defense mechanisms, this pathogen has
evolved molecular strategies to actively induce its entry
into target cells, thus enabling its replication and
dissemination to other host tissues. The pathogenicity
island-1 (SPI-1) type III secretion system (T3SS) is a
crucial pathogenic element of S. zyphi that enables the
translocation of virulence proteins, known as effectors, via a
flagellum-like injectisome from the cytoplasm of the bacterial
cell across the inner and outer membrane leaflets to the
cytoplasm of a eukaryotic host cell.”'" The virulence of
S. typhi is dependent on the expression of these proteins in
eukaryotic host cells.!! SipB, an effector protein that
enhances the virulence of this bacterium, is an enzyme with
major roles, including the activation of caspase-1 and sub-
sequent induction of inflammation and autophagy in mac-
rophages, and the promotion of osmo-tolerance.'”"” In
addition, research has shown that the suppression of SipB
in S. typhi significantly decreases its adherence, invasion
and virulence.'* Thus, the design of bioactive molecules
that disrupt the activity of this enzyme is a rational drug
design strategy.

We conducted a literature search to review recent in silico
studies on inhibitors of SipB in S. typhi. Notably, Verma
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Table 1: Structures, PubChem CIDs and biological activities of the data set.

S.No Structure MIC S. No Structure MIC
(ng/ml) (ng/ml)
"1 25 18 3.1
N
OH \
OH OH 0 0 OH OH 0 0
PubChem CID: 136498831 PubChem CID 136498787
2 125 19 3.1
3 50 20 3.1
4 6.2 21 1.56
5 3.1 22 25
25
6 o 3.1 23

jo!

PubChem CID 136498841

etal."” have performed molecular docking studies on several
natural products against the cell invasion protein SipB from
S. typhi. They have discovered 15 molecules with very good
docking scores against the target protein via hydrophobic
and hydrogen bond interactions. The pharmacokinetic
profiles of the compounds revealed that all 15 natural
molecules display good drug likeness and do not violate
the Lipinski, Ghose, Veber, Egan and Muegge rules.

The goal of this study was to use QSAR and molecular
docking techniques to design highly potent ligands that act as
antagonists of the SipB enzyme. The pharmacokinetic and
toxicological profiles of the novel compounds were deter-
mined to ascertain their fates in the biological system. The
potency of the novel ligands was compared with that of an
approved antibiotic (ciprofloxacin) as a quality control and
assurance strategy.

PubChem CID 136498797

Materials and Methods
Collection of data and molecular optimization

A data set of 32 chelocardin derivatives, numbered 1—32,
and their biological activity against S. typhi, was retrieved
from the PubChem online data source (https://pubchem.
ncbi.nlm.nih.gov/). Their bioactivity, expressed as MIC,
was transformed to logarithmic form as pMIC
(pMIC = —log MIC) to minimize data dispersion. The
pMIC, chemical structures and PubChem identification
numbers (PubChem CID) of these compounds are presented
in Table 1. The 2D structures of the studied molecules drawn
in ChemDraw Ultra 12.0 were converted to 3D structures in
Spartan 14 version 1.1.4 software from Wavefunction Inc.
Geometry optimization of the molecules was performed by
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7 12.5
8 25
9 25
OH OH 0 0

PubChem CID 136498827

10 6.2
M O 0 0

PubChem CID 136498829
11 12.5
12 3.1

PubChem CID 136498843

using a density functional theory (DFT/B3LYP) approach
and the 6-31G* basis set. The molecular descriptors of the
optimized 3D structures were subsequently computed with
the PaDEL descriptor tool kit.'®

OSAR model building and validation

The data set of molecules was split 70% into a training set
for model building and 30% into a test set for external vali-
dation of the model with the DatasetDivisionGUI V2.1 tool
from the DTC laboratory. Redundant descriptors were
removed from the computed descriptor pool with the V-WSP
data pretreatment tool 1.2v.'"18 Model building was
performed with the Genetic Function Approximation
(GFA) method in Material Studio Software (version 8.0)
from BIOVIA-Accelrys by setting the minimum and

24 25
25 6.2
PubChem CID 136498801

OH OH o on o o 1.5
o8
PubChem CID 167442
f 12.5
’ m )L/C
/A\N \
H
OH [} 0 0
PubChem CID 136498805
12.5
28
25
29

PubChem CID 136498809

maximum descriptor numbers in the regression model to 3 and
5, respectively. The mutation probability was set to 0.1, and
the smoothing parameter was set to 0.5. In addition, popula-
tion and generation were set to 1,000 and 5,000, respectively. A
unique feature of the GFA technique is its ability to generate a
population of models rather than a single model. GFA de-
velops excellent models because its algorithm selects basis
functions genetically and ranks the models according to their
“lack of fit” scores.'””" The best model was validated with the
following parameters; least squares fit (Rz), cross validated R-
squared (QZLOO), adjusted R-squared (R2Ad;) and correlation
coefficient for an external prediction set (R™preq)-

Applicability domain definition
The applicability domain (AD) refers to the chemical
space of molecules within the jurisdiction of a QSAR model.
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13

14

15

16

17

PubChem CID 136498855

*Test set; Ustatistical outlier.

A defined AD helps mitigate possible uncertainties in the
prediction of a molecule according to its similarity to the
training set of molecules. The AD of our model was defined
with the standardization approach in an AD executable jar
file in DTC laboratory.21

Design

Compounds 16, 21, 26 and 34 were selected as lead
compounds (template molecules) for designing new ana-
logues because they fell within the AD of the model and
displayed the best antibacterial activity against S. typhi. The
generated QSAR model revealed that MATS6c, a descriptor
of charges plays a major role in the observed antibacterial
activity of the compounds. Consequently, the antibacterial
activity of the compounds was expected to be enhanced by
increasing the number of functional groups possessing elec-
tric charges. Guided by this information, we optimized the
structures of the lead compounds through the attachment of
polar functional groups, such as —NO,, and carbonyl groups
as well as halogens. The MIC values of the different ana-
logues generated were then evaluated with equation (3) and
the optimum QSAR model, and the best were selected as
the novel analogues.

25

100

6.2

125

1.5

~ PubChem CID 136498857

Ligand-protein preparation and docking studies

The newly designed ligands were optimized with the pro-
tocols described in Section 2.1 and saved in PDB file format in
the Spartan 14 software interface. The X-ray structure of the
SipB protein target (PDB code: 3TUL) was retrieved from
www.rcsb.org. The target was imported into Discovery
Studio Visualizer version 16.1.0.15350, where water
molecules and heteroatoms were removed. The prepared
protein was further imported into the AutoDock Vina
interface, where missing atoms were verified and repaired,
partial atomic charges were assigned, and all necessary
valency tests and H-atom additions were performed. The
PDB files of the novel ligands were docked into the active
domain of the SipB enzyme with the AutoDock vina PyRx
docking and virtual screening program. As a quality
assurance measure, we docked ciprofloxacin, a quinolone
based antibiotic currently in use for the treatment of
S. typhi infections, with the target protein. The same
docking procedures were used for the novel analogues, and
their binding affinities were compared.22

Drug-likeness evaluation and ADME|T prediction
Drug likeness is a measure of the oral bioavailability of a
therapeutic compound. This important parameter was
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Table 2: Standard QSAR validation parameters versus model parameters.

S/n Parameter Threshold Model value Statement
1. Square of coefficient of determination (R?) >0.6 0.80 Excellent
2. Adjusted R-squared (RzAdj_) >0.6 0.78 Stable
3. Cross validated R-squared (QZLOO) >0.5 0.74 Reliable
4. Predictive R-squared (Rzprcd) >0.5 0.54 Robust
5. R? — Q%*Loo <0.3 0.06 Stable
6. Lack of fit (LOF) score Low 0.07 Stable
evaluatc?d for al! novel ligands on the bas'us of Lipinski’s rule. Table 4: Correlation matrix of descriptors.
According to this rule, a drug must not violate more than one
of the following considerations to be orally bioavailable: pMIC MATS6c E3p
molecular weight <500 g/mol, number of hydrogen bond pMIC 1
donors <5, octanol/water partition coefficient (log P) < 5 MATS6¢ 0.7538 1
and number of hydrogen bond acceptors <10.>’ The E3p —0.536 —0.0775 1
physicochemical properties defining the drug likeness of the
molecules were calculated with the SwissADME (www.
swissadme.ch/) online tool and DataWarrior software. 0000
Likewise, the fate and distribution of the designed drug- 48 46 14 42 4 08 06 04 020

like compounds in the biological system, with particular
reference to their absorption (A), distribution (D), meta-
bolism (M) and excretion (E), known as pharmacokinetic24
and potential toxicity (T), were evaluated with the Swiss
ADME server (http://www.swissadme.ch/index.php) and
DataWarrior software, which predicts mutagenicity,
reproductive effects and the tendency of a compound to
cause irritation.

Results
OSAR model and authentication

The GFA derived QSAR regression model for estimating
the inhibitory activity of the studied compounds against
S. typhi is presented in Equation (3). Tables 2 and 3 present
the validation parameters and definitions of the descriptors
in the model, respectively. The correlation matrix for the
two descriptors in the model is shown in Table 4.
Furthermore, the plot of experimental pMIC against
predicted pMIC for training and test set molecules is
shown in Figures 1 and 2, respectively. Likewise, Figures 3
and 4 present the residual plot of the model and the
percentage influences on the experimental antibacterial
activity of the compounds, respectively.

PMIC = 9.012*MATS6c — 5.2822%E3p + 0.9783 )

Table 3: Symbols, definitions, and classes of the descriptors in
Equation 3.

S/n Descriptor  Definition Class

1 MATS6¢ Moran autocorrelation - lag 2D
6/weighted by charges

2 E3P Third component accessibility 3D

directional WHIM index/weighted
by relative polarizability
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Figure 1: Plot of experimental pMIC verses predicted pMIC
(training set).

Novel ligands and their predicted MIC values

The 2D chemical structures of the designed ligands,
denoted D-1, D-2 and D-3, and the ciprofloxacin antibiotic
used for quality assurance are presented in Figure 5. The

novel ligands were geometry optimized, and their
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Figure 2: Plot of experimental pMIC against predicted pMIC (test
set).
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Figure 3: Residual Plot of the Model.

descriptors were calculated with the methods described in
Section 2.1. The dominant descriptors of the antibacterial
activity of the compounds, as revealed by the QSAR model
in Equation (3), were determined, and their MIC values
were computed with the equation. The results are presented
in Table 5.

Molecular docking simulation studies on the designed
compounds

The binding affinities (AG) of the novel ligands and cip-
rofloxacin antibiotic with the SipB protein target are pre-
sented in Table 6, and their 2D interaction diagrams are
shown in Figure 6.

Drug-likeness and ADMET data

The major physicochemical properties and in silico assays
of the novel bioactive compounds needed for full evaluation
of their oral bioavailability and ADMET profiles are pre-
sented in Table 7.

Discussion
OSAR model

Equation (3) shows the QSAR model developed for
predicting the inhibitory activity of the studied compounds

Effects of the Descriptors

= MATS6c = E3p

Figure 4: Influence of the descriptors in the Model on antibacte-
rial properties.

against S. typhi. The stability, robustness and quality of the
model were assessed by comparison of the validation
parameters with standard values for general QSAR models.
The results (Table 2) indicated that the model was sound
and reliable, because all parameters were within the
standard thresholds.”>”° Likewise, the high linearity of the
plot of the experimental versus predicted pMIC values for
the training set compounds (Figure 1) further confirmed
the internal stability and soundness of the model. In
addition, the ability of the model to predict the
antibacterial activity of external sets of molecules within
the applicability domain was assessed, on the basis of
external validation through the plot of experimental versus
predicted pMIC for the test set compounds (Figure 2). The
predictive R? (Rzpred) value of 0.54 within the
recommended threshold for this parameter (Table 2)
implied that the model provided a good prediction of the
antibacterial activity of new chemicals within its
applicability domain. The symbols, definitions and classes
of the descriptors in the model are presented in Table 3.

Furthermore, the presence of possible systematic error
during the course of the QSAR model building was verified
through the plot of standardized residuals against the
experimental pMIC values (Figure 3). The propagation of
residuals on both sides of the zero line confirmed the
absence of systematic error in model development.27

Likewise, strong inter-correlations among the descriptors
in a QSAR model weaken its statistical power and stability.
The correlation matrix presented in Table 4 revealed a very
low inter-correlation (R2 = —0.0775) between descriptors,
thereby indicating the high statistical strength and soundness
of the model.

Significance of the descriptors in the model

The influences of the descriptors in the QSAR model on
the observed antibacterial activity of the compounds are
presented in Figure 4. Analysis of the graph revealed the
predominant influence of MATS6¢ over E3p. The positive
coefficient of MATS6c, a descriptor of charges in a
molecule, was positively correlated with the antibacterial
activity of the compounds. Thus, for enhanced anti-
S. typhi activity, polar functional groups, such as nitro and
carbonyl functional groups, should be attached to the
parent structures. In addition, E3p, a descriptor of the
relative polarity of covalent bonds in a molecule, had the
least influence on the observed antibacterial activity of the
compounds. This descriptor was negatively associated with
the antibacterial activity of the compounds, as revealed by
its negative correlation with pMIC in the model.

Molecular docking simulation studies

The major antibiotics currently used for the management
and treatment of S. typhi infections are B-lactam and qui-
nolone based antibiotics. The former act by disrupting
penicillin binding protein enzymes, whereas the latter act by
binding DNA gyrase and topoisomerase IV in the bacterium.
However, given the different resistance mechanisms of
S. typhi toward these antibiotics, designing bioactive entities
targeting other essential enzymes of the bacterium is desir-
able. One such enzyme is the cell invasion protein SipB,
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Cl NH, ¢l NH,
OH OH
O“ F OO“ F
A Ay
OH 0 0 0 OH  OH 0 0

D-1
o) o
OH OH o} o}
F
O,N OH
F |
N N
OH
HN
cl NH,

D-3

D-2

Ciprofloxacin

Figure 5: 2D chemical structures of the novel ligands and ciprofloxacin D-1: 4-amino-6-chloro-3, 10, 12a-trihydroxy-9-nitro-1, 12-dioxo-1,
4, 4a, 5, 12, 12a-hexahydrotetracene-2-carbonyl fluoride, D-2: 4-amino-6-chloro-9-cyclopropyl-3, 10, 11-trihydroxy-1-oxo-1, 4, 4a, 5, 12,
12a-hexahydrotetracene-2-carbonyl fluoride, D-3:4-amino-6-chloro-1-ethyl-3, 10, 11-trihydroxy-8-methyl-9-nitro-12-oxo-1, 4, 4a, 5, 12,

12a-hexahydrotetracene-2-carbonyl fluoride.

which plays major roles in invasion and virulence. Here, we
performed molecular docking analysis of the designed li-
gands to examine their binding patterns with SipB protease
and compare them with those of the standard ciprofloxacin
inhibitor. The newly designed compounds (Figure 5) had a
minimum binding energy ranging from —7.7 to —8.4 kcal/
mol (Table 6), and the best result was achieved with D-1.
All compounds displayed better binding efficacies than
the —7.0 kcal/mol recorded for the standard inhibitor
ciprofloxacin (Table 6).

Figure 6 presents the various interactions of the designed
ligands and ciprofloxacin with the active sites of the protease
SipB. Ligand D-1, with a docking score of —8.1 kcal/mol,
binds the active sites of the protease via hydrophobic
interactions with residues THR 94, THR 206 and LEU 89 in
pi-cation, Van der Waals and alkyl type interactions, respec-
tively. These associations are stabilized by five conventional
hydrogen bonds with THR 94, THR 150, THR 206 and LEU
89. In addition, the docking score for ligand D-2 with the
protease is —7.7 kcal/mol. The ligand forms two T—T stacked
and one T—0 associations with PHE 129, and two conven-
tional hydrogen bonds with the SER 126 and GLU 128 amino
acid side chains of the protein target. Furthermore, ligand D-3
forms three alkyl interactions with LEU 89, LEU 92 and LEU
96, and a m—cation interaction with THR 94. These in-
teractions are stabilized by five conventional hydrogen bonds
with THR 150 and THR 206 of the target. Ciprofloxacin, the

Table 5: Predicted MICs of the newly designed ligands.

Compound MATS6¢c E3p pMIC MIC (pg/mL)
D-1 —0.03174 0.133371 —0.01221 1.028
D-2 —0.0287  0.10996  0.138784  0.726
D-3 0.075264  0.215024 0.520779  0.301

reference antibiotic used for quality assurance, has a docking
score of —7.0 kcal/mol and displays only hydrophobic in-
teractions with PHE 129 (t—m stacked and T alkyl types),
TRP 111 (1 alkyl type), SER 126 (Van der Waals types) and
GLU 128 (carbon—hydrogen type) of the target.

The designed ligands show better binding to the active
sites of SipB than ciprofloxacin, owing to the absence of
conventional hydrogen bond interactions in the latter. In
addition, all designed ligands show different mechanisms of
interactions with the protease, except D-2 which displays a
slightly similar binding interaction with ciprofloxacin, in that
both display T—Tt stacked interactions with PHE 129 of the
protease. In addition, both interact with SER 129 of the
target enzyme.

Drug-likeness and ADMET profiles of the designed
compounds

The drug likeness of the designed ligands was evaluated
with Lipinski’s rule, which states that a drug must not violate
more than one of the following parameters to be orally
bioavailable; molecular weight <500, number of hydrogen
bond donors <5, octanol/water partition coefficient (log
P) < 5 and number of hydrogen bond acceptors <10. The

Table 6: Binding affinities of the designed compounds and
ciprofloxacin with the SipB target.

Compound AG (kcal/mol)
D-1 —8.1
D-2 7.7
D-3 7.7

Ciprofloxacin -7.0




734

Novel antagonists of SipB protein of Salmonella typhimurium

LEU
A96
GLY ILE LEU
A7 A47  A92
THR
A209
Interactions
D van der Wasls - Pi-Cation
- Conventional Hydrogen Bond :l Pi-Donor Hydrogen Bond
I:l Carbon Hydrogen Bond I:I Alkyl
D-1
GLY LEU
SEL ILE A92 LEU
Al47 AR9
5N LEU
oYY -
k. e -, 5,
N NN THR
: A209

ps
i
N
.Ij /
N\
/J
/’

Interactions

|:| van der Waals

- Conventional Hydrogen Bond
I:I Carbon Hydrogen Bond

D-3

vy, R ALA
o " 2205
L |
Kom,
..:.l -
"y Tl
A-150
vs
LEU
ABE - om

- Pi-Cation

D Pi-Donor Hydrogen Bond

|:| Alkyl

GLN
A:118
LYS
A:127
TRP
LU A:lll
J‘rN .‘, ‘\ ‘l
’ ‘.. A9
@ ASN @
A:128 ILE
‘ ang  AB
Interactions
D van der Waals - Pi-Sigma
- Conventional Hydrogen Bond - Pi-pi Stacked
D-2
TRP
Ailll
PHE
A2
ASN \ 7
ILE A:225 \// 7
A:226 \ S
,’)\i 1\ ,P
/,’_\\ //‘. By § I\
[ \—F N\
N\ P\ .\ v ILE
\ / \'erar/ \\ A:115
0
/J/
G
GLU
A28 SER
A:126
LYS
A:127
Interactions
l:l van der Waals - Pi-Pi Stacked
D Carbon Hydrogen Bond D Pi-Alkyl
Ciprofloxacin

Figure 6: 2D interactions of the novel ligands and Ciprofloxacin with SipB target.



J.P. Ameji et al. 735

Table 7: Physicochemical properties and ADMET profiles of the designed ligands.

Ligand MW (g/mol) cLogP cLogS HBD HBA Toxicity Pharmacokinetic
D-1 450.76 0.04 —5.10 4 10 Mutagenic: NO Solubility; YES
Reproductive effects: NO CYP45 substrate; YES
Irritant: NO GIA: YES
P-gp substrate: YES
D-2 431.85 3.10 —5.57 4 6 Mutagenic: NO Solubility; YES
Reproductive effects: NO CYP45 substrate; YES
Irritant: NO GIA: YES
P-gp substrate: YES
D-3 478.86 2.29 —6.38 4 9 Mutagenic: NO Solubility; YES
Reproductive effects: NO CYP45 substrate; YES
Irritant: NO GIA: YES

P-gp substrate: YES

GIA: gastrointestinal absorption, P-gp: P-glycoprotein.

physicochemical properties of the novel ligands presented in
Table 7 show that D-1, D-2 and D-3 obey Lipinski’s rule and
therefore may be considered orally bioavailable.

In addition, the pharmacokinetic data for the compounds
(Table 7) indicate good aqueous solubility and gastrointestinal
absorption. Likewise, the compounds are substrates of P-
glycoprotein (P-gp) and consequently may not have the
potential to cross the blood—brain barrier. P-gp is naturally
expressed on the plasma membranes of endothelial cells at the
blood—brain barrier, which protects the brain from harmful
substances by preventing their entry into the parenchyma from
the blood circulation. The blood—brain barrier plays an
important role in preventing the penetration of toxins and
drugs into the central nervous systern.28

Furthermore, drug biotransformation into inactive me-
tabolites and subsequent excretion through the kidneys and
bile are crucial considerations in the pharmacokinetic study
of any drug. This function is performed predominantly by
cytochrome P450 (CYP450) enzymes found largely in the
liver and in lesser amounts in the small intestine, lungs,
placenta and kidneys.zg Evaluation of the pharmacokinetic
and toxicity profiles of D-1, D-2 and D-3 (Table 7)
revealed that all compounds are substrates of one or more
CYP450 enzymes. Likewise, the toxicity data revealed that
the compounds are neither mutagenic nor irritating, in
addition to causing no effects on the reproductive organs.

Conclusion

To discover newer bioactive molecules in the drug devel-
opment pipeline that may reverse the dangerous trend of
multidrug resistance in S. typhi, we analyzed a data set of 32
compounds with demonstrated antibacterial activity against
this pathogenic bacterium through QSAR modeling to
harness the molecules’ dominant structural, electronic and
physicochemical features responsible for the observed bio-
logical properties. The model revealed the value of MATS6¢
and E3p descriptors, and indicated that the former played a
major role. On the basis of these findings, we optimized
several lead molecules in the data set, thus leading to the
design of more potent analogues (D-1, D-2 and D-3). These
novel analogues were further docked with the effector pro-
tein SipB of the bacterium and were found to show better
binding specificity to the target enzyme than ciprofloxacin, a
standard antibiotic used for the treatment of infections

caused by S. typhi. In addition, drug-likeness and ADMET
evaluations of the designed compounds revealed that these
compounds are orally bioavailable, and exhibit excellent
pharmacokinetic and toxicological profiles. These findings
might be of immense benefit to the pharmaceutical industry,
in facilitating faster, more cost-effective discovery and
development of novel antibiotics.
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