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ةيويحلاتاداضملابتاجلاعللةديازتملاةمواقملاتلااحتدأ:ثحبلافادهأ
ةحشرمةديدجةيودأنعثحبلالعجىلإةيرأفلاةيفيتلاةلينوملسلايفةدوجوملا
ةعومجمصحفليئيزجلاماحتللااةينقتةيلاحلاةساردلاتمدختسا.ايرورضارمأ
نيلسنبلابطبترملانيتوربلادضايريتكبللةداضملانيروبسولافيسلارئاظننم
لباقمنيروبسولافيسلارئاظنصحفاهيفمتييتلاىلولأاةرملايههذه.ايريتكبلل
نمناكيلغوديتببقيلختليساسأنيتوربوهو،نيلسنبللداضملانيتوربلا
.ةيرأفلاةيفيتلاةلينوملسلا

.ةيودلأاعدوتسمنمنيروبسولافيسلاتاقتشمضعبعاجرتسامت:ثحبلاقرط
١٤ناترابسجمانربلةيبيرجتلاهبشةقيرطلامادختسابتائيزجلالكايهنيسحتمت
مادختسابأ١نيلسنبلابطبرلانيتوربلةطشنلالعافتلاعقاومعماهطبرمتمثنمو
تابيكرتلارثكأكةطبترملاتائيزجلاىوقأرايتخامت.انيفكودوتوأجمانرب
ةيمسلاودرطلاوضيلأاوعيزوتلاوصاصتملااصئاصخمييقتمتمثنموةدعاولا
تامولعمللرويروواتادجمانربوتنرتنلإاربعيمدأسيوسمداخمادختساب
ةيئيزجلااكيمانيدلاةاكاحمءارجلإ٢.٠سكلفسباكمداخمادختسامت.ةيئايميكلا

.تباثنيتورب-يئيزجبيكرترثكأىلع

يلاوتلاىلعغلبتطبرلابراقتميقب٢٨و٢٣و٣تابكرملارايتخامت:جئاتنلا
لوم/يرولاكوليك٨,٩-ولوم/يرولاكوليك٨,٧-ولوم/يرولاكوليك٩,٢-
ةطشنلالعافتلاعقاومبةطبترملاتائيزجلاطبترت.ةدعاولاتابيكرتلارثكأك
طبارتلاوةيبوفورديهلاتلاعافتلاقيرطنعأ١نيلسنبلابطبرلانيتوربل
تلايلحتترهظأ،كلذىلعةولاع.ةيكيتاتسورهكلاتلاعافتلاوينيجورديهلا
عتمتتاهنأةطبترملاتائيزجللةيمسلاودرطلاوضيلأاوعيزوتلاوصاصتملاا
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اكيمانيدلاةساردترهظأ،كلذىلإةفاضلإاب.ةلوبقمةيمسوةديجةيئاودتافلمب
.فدهلانيتورببيكيمانيدومئلاملكشبطبترتاطاشنتائيزجلارثكأنأةيئيزجلا

فاشتكلااوحنةزاتممةصنمثحبلااذهجئاتنرفوتنأنكمي:تاجاتنتسلاا
.ةيرأفلاةيفيتلاةلينوملسلادضةديدجلاةيويحلاتاداضمللينلاقعلاميمصتلاو
ةيودلأاىلعربتخملايفويحلامسجلايفتاساردلانمديزملاءارجإبجي،اضيأ
.ثحبلااذهجئاتننمققحتلالجأنمةحشرملا

طبرلانيتورب؛نيروبسولافيس؛ةيرأفلاةيفيتلاةلينوملسلا:ةيحاتفملاتاملكلا
ةيويحلاتاداضملا؛ماتكلا-اتيب؛أ١نيلسنبلاب

Abstract

Objective: The rising cases of resistance to existing anti-

biotic therapies in Salmonella typhimurium has made it

necessary to search for novel drug candidates. The pre-

sent study employed the molecular docking technique to

screen a set of antibacterial cephalosporin analogues

against penicillin-binding protein 1a (PBP1a) of the

bacterium. This is the first study to screen cephalosporin

analogues against PBP1a, a protein central to peptido-

glycan synthesis in S. typhimurium.

Methods: Some cephalosporin analogues were retrieved

from a drug repository. The structures of the molecules

were optimized using the semi-empirical method of

Spartan 14 software and were subsequently docked

against the active sites of PBP1a using AutoDock vina

software. The most potent ligands were chosen as the

most promising leads and subsequently subjected to ab-

sorption, distribution, metabolism, excretion, and

toxicity (ADMET) profiling using the SwissADME on-

line server and DataWarrior chemoinformatics program.

The CABSflex 2.0 server was used to carry out molecular
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P.J. Ameji et al.1418
dynamics (MD) simulation on the most stable ligand

eprotein complex.

Results: Compounds 3, 23, and 28 with binding affinity

(DG) values of �9.2, �8.7, and �8.9 kcal/mol, respec-

tively, were selected as the most promising leads. The li-

gands bound to the active sites of PBP1a via hydrophobic

bonds, hydrogen bonds, and electrostatic interactions.

Furthermore, ADMET analyses of the ligands revealed

that they exhibited sound pharmacokinetic and toxicity

profiles. In addition, an MD study revealed that the most

active ligand bound favorably and dynamically to the

target protein.

Conclusion: The findings of this research could provide

an excellent platform for the discovery and rational

design of novel antibiotics against S. typhimurium.

Additional in vitro and in vivo studies should be carried

out on the drug candidates to validate the findings of this

study.

Keywords: b-lactam; Antibiotics; Cephalosporin; PBP1a;

Salmonella typhimurium

� 2023 The Authors. Published by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Salmonella typhimurium is one of the S. enterica serovars
responsible for non-typhoidal salmonellosis (NTS). The
major clinical manifestations of this infection are abdominal

cramp, diarrhea, and fever, which are life-threatening sys-
temic illnesses that require urgent antibiotic therapy. Unlike
typhoid fever whose prevalence is found in developing
countries, NTS is a global infection. The annual morbidity

and mortality rates of gastroenteritis, a common form of
NTS, are estimated to be 93.8 million cases and 155,000
deaths, respectively.1 In addition to gastroenteritis,

S. typhimurium causes bacteremia and focal systemic
infections, known as invasive non-typhoidal Salmonellosis
(iNTS).2,3 The annual incidence of iNTS in Sub-Saharan

Africa was estimated to be 175e388 cases per 100,000 chil-
dren and 2000e7500 cases per 100,000 human immunodefi-
ciency virus (HIV)-infected adults with a death rate of 20e
25% among infected persons.4e9

The major sources of transmission of this bacterium
include contaminated animal-derived products, contact with
infected persons and pets, and the consumption of fruits and

vegetables associated with recent outbreaks.10e13

The startling statistics of morbidity and mortality asso-
ciated with NTS and iNTS are further compounded by the

emerging trend of multidrug-resistant strains of
S. typhimurium against existing antibiotics, which are
currently the only available treatment options.14e16 Thus, a

search for novel drug candidates with enhanced potencies
than existing ones have become necessary. However, the
discovery of new drugs has been impeded by the enormous
resources and time it takes from the discovery stage,
through the preclinical and clinical stages, to the
formulation stage. Nonetheless, the application of

computer-aided techniques, such as molecular docking-
based virtual screening as well as pharmacokinetic and
toxicity profiling, have helped mitigate the aforementioned

challenges by preventing the trial and error methods that
characterize traditional drug discovery techniques.17e21

The high failure of many drug candidates is attributable

to poor pharmacokinetic and toxicity profiles, which account
for more than of half of all failures in clinical trials. Thus, an
integral part of virtual screening is to assess the drug-likeness
of therapeutic ligands with respect to their absorption, dis-

tribution, metabolism, excretion, and toxicity (ADMET)
parameters.20e22

Peptidoglycan is the major structural component of most

bacterial cell walls and consists of glycan chains with
repeating disaccharide N-acetylmuramic acid-b-1,4-N-ace-
tylglucosamine (MurNAc-GlcNAc). Its dominant roles

include the maintenance of cell shape and provision of me-
chanical strength to prevent osmotic rupture of the cell. The
synthesis of this important biomolecule requires glycosyl-
transferase (GTase) and transpeptidase (Tpase) activities to

polymerize and cross-link the glycan chains, respectively.
Penicillin-binding protein 1a (PBP1a) is one of the most
important peptidoglycan synthases in rod-shaped Gram-

negative bacteria. In addition to having both GTase and
TPase activities, PBP1a also helps bacteria survive in alkaline
medium. These crucial roles of PBP1a in Gram-negative

bacteria make it a good target for antibiotics.23e26

Cephalosporins are composed of a six-membered ring
with a sulfur atom attached to a b-lactam ring. Similar to

other b-lactam antibiotics, they function by inhibiting the
last step in the synthesis of peptidoglycan by acylating the
transpeptidase (PBP1a) involved in cross-linking peptides to
form the biomolecule, resulting in activation of an autolytic

system that eventually leads to cell death.27

In an effort to discover novel drug candidates against
S. typhimurium, some computer-based studies targeting

different enzymes of the bacterium have recently been carried
out.28e33 The aim of this study was to apply computer-aided
techniques to search for highly potent and non-toxic ceph-

alosporin-based drug candidates that can strongly
inhibit PBP1a, a crucial penicillin-binding protein of
S. typhimurium.

Materials and Methods

Data set

A set of cephalosporin derivatives (ligands) with inhibi-

tory activities against S. typhimurium were retrieved from the
PubChem database (https//pubchem.ncbi.nlm.nih.gov). The
biological activity of the compounds is expressed as the

minimum inhibitory concentration (MIC). The structure,
PubChem compound identity number, and MIC values for
each member of the data set are presented in Table 1.

Ligand preparation

The two-dimensional (2D) structures of the compounds

were generated using ChemDraw ultra 12.0 and exported

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://https//pubchem.ncbi.nlm.nih.gov
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into the Spartan’14 V1.1.0 software interface, where their 3D
structures were generated and subsequently subjected to

energy minimization using semi-empirical (parametric
method 3) procedures. The optimized species were saved in
Protein Data Bank (PDB) file format and further exported

into the AutoDock Vina interface where they were further
prepared and saved in PDBQT file format.34

Protein preparation

The 3D crystal structure of the target macromolecule
(PBP1a) was downloaded in PDB file format (PDB Code;
2OQO) from the PDB at www.rcsb.org/pdb. It was exported

into the Discover Studio software interface where attached
water molecules, ligands, and other heteroatoms were
removed. The prepared protein was further exported into the

AutoDock Vina interface where missing atoms were checked
and repaired, and Kollman’s charges and polar hydrogens
were added. It was subsequently saved in PDBQT file format.

Molecular docking calculations

Docking calculations were performed in the PyRx inter-

face using the AutoDock Vina option. The grid box was
centered at X ¼ 37.6571, Y ¼ 37.7482, and Z ¼ 21.9987, with
a grid dimension of 50.4384 Å � 45.8988 Å � 45.0019 Å,

thereby enclosing both the active site residues and the binding
sites. After a series of ligandereceptor runs, the results were
evaluated by Vina. The resulting poses of the ligands were
clustered based on their conformational overlaps, and their

binding affinities were calculated. The best pose from each
group was selected, and the ligands were ranked based on
their binding affinity values. The ligands with the best binding

affinity values were chosen as the most promising leads to be
subjected to further in silico assessments. The interaction of
the ligands with the active sites of the protein target was

visualized with the aid of Discovery Studio Visualizer
v16.1.0.15350. As a quality control measure, the 3D chemical
structure of cefuroxime, a cephalosporin-based antibiotic
currently used for the treatment of Gram-negative bacterial

infections, was retrieved from the PubChem DrugBank
database, optimized, and docked with the PBP1a target. The
binding affinity of cefuroxime was compared with that of the

most promising ligands (MPLs).31,34,35

Drug-likeness assessment of the most promising leads

Drug-likeness is the qualitative description of oral
bioavailability of a therapeutic compound. This assessment
is very important due to the fact that many drugs are

administered via the oral route. This important parameter
was evaluated for the most promising leads using the famous
Lipinski’s rule of five. According to this rule, for a thera-
peutic molecule to be orally bioavailable, it must not violate

more than one of the following parameters: molecular weight
(MW) � 500, number of hydrogen bond donors � 5, octa-
nol/water partition coefficient (LogP) � 5 and number of

hydrogen bond acceptors (HBAs) � 10.36 The
aforementioned physicochemical properties of the selected
most promising leads were calculated with the aid of the

SwissADME (www.swissadme.ch/) online tool.

ADMET evaluation of the most promising leads

Early assessment of the fates of therapeutic compounds in
the biological system plays a pivotal role in modern drug
discovery and development as it aids with the removal of

non-drug-like candidates from the pool of bioactive com-
pounds. The fate of potential drug candidates is determined
by their absorption (A), distribution (D), metabolism (M),
excretion (E), and toxicity (T) in the biological system.

ADMET evaluation of the selected bioactive compounds
was performed with the aid of SwissADME (www.
swissadme.ch/) online resource and Osiris DataWarrior

V5.5.0 chemoinformatics program.34

Molecular dynamics simulation

The dynamics of protein structures influence their bio-
activities. However, the investigation of protein flexibility via
wet laboratory experiments is often an arduous or impossible

task, necessitating in silico approaches. An economical
computational approach to studying protein flexibility in a
biological system is the usage of coarse-grained simulation

models in conjunction with the reconstruction of predicted
structures to all-atom representation.37 In this study,
molecular dynamics (MD) simulations of the complex of
the best ligand (compound 3) with PBP1a (PDB Code:

2OQO) was performed using the CABSflex 2.0 server at
http://biocomp.chem.uw.edu.pl/CABSflex2/job/
746d8804a364dc5/. The PDB file of the complex was

uploaded to the server via the “browse” option. CABS-flex
applies a set of simulation parameters and distance re-
straints, as discussed by Jamroz et al.38,39 These settings were

adopted to provide the best likely convergence between
CABS-flex simulations and the consensus picture of protein
fluctuations in aqueous solution derived by all-atom MD
simulations for globular proteins. The results of the MD

simulations were recorded as the root-mean-square-
fluctuation (RMSF) of the protein structure. RMSF is the
time average of the root-mean-square-deviation computed

using equation (1) as follows:

RMSF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< ðxi� < xi >

p
Þ2; (1)

where xi is the coordinate of particle i, and CxiD is the
ensemble average position of i.

Results

MD-based virtual screening

The PBP1a of S. typhimurium (Figure 1) plays significant
physiological and biochemical roles in the bacterium.

Binding of bioactive ligands to the active sites of this
macromolecule inhibits its ability to perform its primary

http://www.rcsb.org/pdb
http://www.swissadme.ch/
http://www.swissadme.ch/
http://www.swissadme.ch/
http://biocomp.chem.uw.edu.pl/CABSflex2/job/746d8804a364dc5/
http://biocomp.chem.uw.edu.pl/CABSflex2/job/746d8804a364dc5/


Table 1: Structure, PubChem compound identification, and biological activities of the data set.

Compound No. Structure MIC (mg/mL) Compound No. Structure MIC (mg/mL)

1

13138129

1.60 17

44269866

1.31

2

118753875

0.41 18

44269898

1.31

3

118753876

1.01 19

10460518

1.01

4

118753877

0.71 20

10054849

1.31

5

118753879

0.71 21

44269930

1.31

P.J. Ameji et al.1420
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Table 1 (continued )

Compound No. Structure MIC (mg/mL) Compound No. Structure MIC (mg/mL)

6

118753880

1.31 22

5479539

1.60

7

118753881

1.01 23

118753852

0.30

8

118753882

1.31 24

118753853

0.89

9

118753883

1.31 25

118753854

0.89

(continued on next page)
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Table 1 (continued )

Compound No. Structure MIC (mg/mL) Compound No. Structure MIC (mg/mL)

10

118753884

1.01 26

118753855

0.89

11

118753885

1.01 27

118753867

0.60

12

10054849

1.31 28

118753868

0.30

13

44269930

1.31 29

118753869

0.30

P.J. Ameji et al.1422
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Table 1 (continued )

Compound No. Structure MIC (mg/mL) Compound No. Structure MIC (mg/mL)

14

5479539

1.60 30

118753870

0.30

15

44269851

1.01 R*

16

44269853

1.31

MIC: Minimum inhibitory concentration; R* ¼ Reference antibiotic (cefuroxime).
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function of participating in peptidoglycan synthesis in
S. typhimurium, impairing the survival of the organism in

the harsh extracellular milieu of the host cell. The results of
the screening of the investigated cephalosporin derivatives
(ligands) against the active sites of this target enzyme

(PBP1a) are presented in Table 2. The strength of the
binding interactions between the ligands and target
macromolecule is expressed as change in Gibb’s free energy
of binding (DG). Increased negative value of DG connotes

a higher binding affinity, and vice versa. However, ligands
3, 23, and 28 were selected as the MPLs because of their
exceptional DG values of �9.2, �8.7, and �8.9 kcal/mol,

respectively. The selected MPLs were found to be more
potent when compared with the reference antibiotic
Figure 1: 3D structure of PBP 1a target.

https://pubchem.ncbi.nlm.nih.gov/compound/5479539
https://pubchem.ncbi.nlm.nih.gov/compound/118753870
https://pubchem.ncbi.nlm.nih.gov/compound/44269851
https://pubchem.ncbi.nlm.nih.gov/compound/44269853


Table 2: Binding affinity values of the data set of cephalosporin derivatives.

Compound

No.

DG
(kcal/mol)

S/n DG
(kcal/mol)

Compound

No.

DG
(kcal/mol)

1 �7.6 12 �8.0 23 �8.7

2 �7.9 13 �7.8 24 �8.5

3 �9.2 14 �8.4 25 �8.1

4 �8.1 15 �8.0 26 �7.9

5 �7.5 16 �8.1 27 �6.7

6 �8.6 17 �8.1 28 �8.9

7 �7.7 18 �8.6 29 �8.3

8 �8.0 19 �7.8 30 �8.5

9 �8.5 20 �7.7 R �7.7

10 �8.6 21 �7.8

11 �8.5 22 �8.4

Figure 2: 2D diagram of interraction of the most promisisng leads and R with the active sites of PBP 1a macromolecule.

P.J. Ameji et al.1424



Table 3: IUPAC nomenclatures of the MPLs and the major amino acid residues of PBP1a that they interact with.

Compound No. IUPAC nomenclature Major interacting amino acids Number of H-bonds

3 (6R,7R)-7-((E)-2-(2-aminothiazol-4-yl)-

2-(methoxyimino)acetamido)-3-((3-(5-

(hydroxymethyl)-1H-pyrazol-3-yl)

pyridin-1-ium-1-yl)methyl)-8-oxo-5-

thia-1-azabicyclo[4.2.0]oct-2-ene-2-

carboxylate

ALA81, ARG100, ARG225, LYS201,

GLN121, ARG85

4

23 (E)-3-(((4-amino-1-methyl-5-

phenylpyrimidin-1-ium-2-yl)thio)

methyl)-7-(2-(2-aminothiazol-5-yl)-2-

(((2-carboxypropan-2-yl)oxy)imino)

acetamido)-8-oxo-5-thia-1-azabicyclo

[4.2.0]oct-2-ene-2-carboxylate

GLU140, LYS137, GLN121, SER116,

LYS124, ALA97, ARG85

7

28 (E)-7-(2-(2-aminothiazol-5-yl)-2-(((2-

carboxypropan-2-yl)oxy)imino)

acetamido)-3-(((1-methyl-7-morpholino-

1H-[1,2,4]triazolo[1,5-c]pyrimidin-4-

ium-5-yl)thio)methyl)-8-oxo-5-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate

GLU83, GLY114, SER116, GLN121,

LYS124, ASN125,

6

R (Z)-3-((carbamoyloxy)methyl)-7-(2-

(furan-2-yl)-2-(methoxyimino)

acetamido)-8-oxo-5-thia-1-azabicyclo

[4.2.0]oct-2-ene-2-carboxylic acid

ARG225, ARG85, GLN121, GLU83,

SER116

4

MPLs: Most promising ligands; PBP1a: Penicillin-binding protein 1a.

Table 4: Drug-likeness profiles of the MPLs and cefuroxime.

Compound No. 3 23 28 Cefuroxime

Lipinski’s Rule yes no no yes

HBA 9 10 12 9

HBD 4 4 3 3

MW (g mol�1) 570.6 684.8 718.8 424.4

cLogP(o/w) �1.33 �0.07 �1.13 �0.33

HBA: Hydrogen bond acceptor; HBD: Hydrogen bond donor;

MPLs: Most promising ligands; MW: Molecular weight.

Table 5: ADMET profiles of the most promising ligands and cefurox

Compound No. Toxicity endpoints

3 Mutagenic: None

Tumorigenic: None

Reproductive effect: None

Irritant: None

23 Mutagenic: None

Tumorigenic: None

Reproductive effect: None

Irritant: None

28 Mutagenic: None

Tumorigenic: None

Reproductive effect: None

Irritant: None

R Mutagenic: Yes

Tumorigenic: None

Reproductive effect: None

Irritant: None

ADMET: Absorption, distribution, metabolism, excretion, and toxici

Gastrointestinal absorption P-gp: P-glycoprotein.
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(cefuroxime), which binds to the protein target with DG
of �7.7 kcal/mol.

Modes of interaction of the MPLs with PBP1a

Figure 2 presents the 2D diagram of interaction of

the MPLs and cefuroxime with the active sites of the
PBP1a target. The major amino acid residues of the
macromolecule that interacts with the ligands are presented

in Table 3.
ime.

Pharmacokinetic Oral bioavailability score

CYP450 inhibitor: No

P-gp substrate: No

GIA: Yes

BBB Permeation: No

0.17

CYP450 Inhibitor: No

P-gp substrate: No

GIA: Yes

BBB: No

0.11

CYP450 inhibitor: No

P-gp substrate: Yes

GIA: Yes

BBB: No

0.11

CYP450 inhibitor: No

P-gp substrate: No

GIA: Yes

BBB Permeation: No

0.11

ty; BBB: Bloodebrain barrier, CYP450: Cytochrome P450; GIA:



Figure 3: a: Fluctuation plot of PBP 1a. b: Model-all diagram of PBP 1a. c: Contact map of the residues of PBP 1a.
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Oral bioavailability evaluation and ADMET profiles of the
MPLs

Oral bioavailability (drug-likeliness) is a function

of certain physicochemical properties of a molecule.
These properties were computed for the MPLs and cefur-
oxime, and the results are presented in Table 4. Also, the
pharmacokinetic and toxicity profiles of the ligands are
presented in Table 5.

MD study

Figure 3a presents the fluctuation plot of the simulation,
whereas Figure 3b and c give the model-all diagram and

residue contact map, respectively.



Figure 3: (continued).
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Discussion

All b-lactam-based antibiotics (cephalosporin inclusive)
function by antagonizing the PBP of bacteria with the

resultant effect of obstructed cell wall synthesis in the or-
ganisms leading to their inactivation or death. The results of
molecular docking-based virtual screening of the studied
ligands against PBP1a, a PBP of S. typhimurium, (Table 2)
revealed that the ligands bound excellently to the active
sites of the target with binding affinity values ranging

from �6.7 to �9.2 kcal/mol. Compounds 3, 23, and 28
with DG values of �9.2, �8.7, and �8.9 kcal/mol,
respectively, were selected as the MPLs because of their

excellent potencies against the PBP1a target. These DG
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values of the MPLs were higher than that of cefuroxime
(DG ¼ �7.7 kcal/mol), an approved b-lactam antibiotic for

the treatment of S. typhimurium-induced salmonellosis,
indicating that the MPLs could be more potent than
standard drugs. This finding is similar to that of Jasmine

et al.,33 who performed molecular docking calculations on
D-benzylpenicilloic acid against b-lactamase of human
S. typhimurium. The authors reported that the ligand binds

better than standard inhibitors of the b-lactamase target.
Table 3 presents the IUPAC nomenclatures and amino

acid side chains of the PBP1a target with which the
selected ligands interact with. Assessment of the 2D

diagram of interactions with the active sites of the target
macromolecule (Figure 2) revealed that compound 3 bound
to the active sites of the target protein via the formation of

six conventional hydrogen bonds with Ala-81, Arg-100,
Arg-225, and Lys-201 amino acid residues. Additionally, the
ligand formed a piecation interaction with Gln-121 and a

piealkyl interaction with Arg-85 amino acid residues. It is
pertinent to note that hydrophobic, electrostatic, and
hydrogen bond interactions were found in the complex of
ligand 3 with the PBP1a of S. typhimurium. Also, ligand 23

with a binding affinity of �8.7 kcal/mol against the target
macromolecule displayed the following interactions with the
amino acid residues of the protease: attractive charge asso-

ciations with Gln-121 and Lys-124; unfavorable donore
donor interactions with Lys-137; and piealkyl interactions
with Lys-137, Ala-97, and Arg-85. These interactions were

stabilized by the formation of conventional hydrogen bonds
with Ser-116, Gln-121, Lys-137, and Glu-140. Again, hy-
drophobic, electrostatic, and hydrogen bond interactions

were found in the ligand/protein complex. Furthermore,
ligand 28 formed a complex with the active sites of PBP1a
with a binding affinity of �8.9 kcal/mol. The interactions
found in this complex were: attractive charge interaction

with Glu-83; two pieanion interactions with Lys-124; an
amide pi-stacked interaction with Gly-114; and six conven-
tional hydrogen bonds with Asn-125, Thr-82, Glu-83, Ser-

116, and Gln-121. Similar to ligands 3 and 23, hydrophobic,
electrostatic, and hydrogen bond interactions were also
found in the complex of ligand 28 with PBP1a. This could be

responsible for their exceptional potencies against the target
macromolecule. In addition, the standard ligand, cefurox-
ime, bound to PBP1a with a DG of �7.7 kcal/mol. The

following interactions were found between the ligand and the
active sites of the protein target: an unfavorable bond with
Arg-225 and four conventional hydrogen bonds with Arg-85,
Gln-121, Glu-83, and Ser-116.

By interacting with the active sites of the protein target via
conventional hydrogen bonds with Gln-121, Ser-116, and
Glu-83, ligand 28 bound with PBP1a in a mechanism similar

to the standard ligand (R). Ligand 23 displayed a similar
mode of interaction with R via conventional hydrogen bonds
with Ser-116 and Gln-121 amino acid residues of the target

macromolecule. Ligand 3 with the best potency bound to the
target sites of the macromolecule via a mechanism entirely
different from cefuroxime.

Drug-likeness assessment is a measure of oral bioavail-

ability of a therapeutic molecule. It is defined as the extent
and rate at which an orally administered drug enters the
systemic circulation and reaches the target sites.40 The

Lipinski’s rule of five was used to filter the MPLs for their
drug-likeness. Table 4 presents the outcome of the
bioavailability screening of the MPLs. Compound 3 like

cefuroxime, passed the test and as such could be
considered orally bioavailable. Ligands 23 and 28 by
having an MW > 500 and HBA > 10, violated two of the

indices and as such may not possess excellent oral
absorption according to Lipinski’s rule of five.41 However,
if compounds 23 and 28 are to be used as templates for

drug discovery due to their excellent potencies, their
structures should be modified for enhanced oral
bioavailability.

Pharmacokinetic deals with fate of a therapeutic com-

pound in the biological system with particular reference to its
absorption (A), distribution (D), metabolism (M), and
excretion (E). The ADME and toxicity (T) profiles of the

MPLs are presented in Table 5. Poor ADMET profiles
account for the high attrition rates of drug candidates in
the clinical stage of drug development. Hence, the profiling

of drug candidates prior to clinical stage is a rational and
cost effective drug discovery strategy. All ligands, such as
cefuroxime, were found to possess gastrointestinal
absorption potential.

Also, the bloodebrain barrier (BBB) refers to a micro-
vascular endothelial cell layer of the brain that separates the
brain from blood circulation, thereby preventing entry of

toxins into the central nervous system (CNS).42,43 The BBB
permeation data displayed in Table 5 for the MPLs and
cefuroxime revealed that all ligands, such as cefuroxime, do

are not able to penetrate the BBB. This could be
advantageous considering the fact that they may not have
any deleterious effects on the CNS when used as drugs.

Penetration of the BBB may only be mandatory for
compounds targeting the CNS.44

P-glycoproteins (P-gps) are membrane transporters that
limit the cellular uptake of its substrates from blood circu-

lation into the brain via its efflux action.45,46 Ligands 3 and
23, similar to cefuroxime, were found to be non-substrates
of P-gps (Table 5) and as such may be unaffected by the

efflux action of P-gp. Conversely, ligand 28, which happens
to be substrate of the proteins, may have its serum
concentrations grossly reduced leading to therapeutic

failure if used as drug except if co-administered with in-
hibitors of P-gps.

Oral bioavailability is concerned with the fraction of the

active form of a therapeutic compound that reaches the
systemic circulation unchanged. Drugs with an oral
bioavailability score >0.1 are considered orally bioavail-
able.47,48 The bioavailability scores of the MPLs and

cefuroxime (Table 5) were found to range from 0.11 to
0.17, indicating their good oral bioavailability. However,
ligand 3 with a score of 0.17 displayed the best oral

bioavailability in line with the prediction of Lipinski’s rule
of five.

Evaluation of the metabolism and biotransformation of

drug candidates is one of the crucial stages in modern drug
discovery. This important role is performed by the cyto-
chrome P450 (CYP450) monooxygenase family. Inhibition
of CYP450 enzymes by a therapeutic compound could lead

to poor bioavailability and toxicity profiles due to bio-
accumulation.49 The metabolism of the MPLs and
cefuroxime were performed against five isoforms of

CYP450, namely CYP1A2, CYP2C19, CYP2C9, CYP2D6,
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and CYP3A4. The results presented in Table 5 showed that
none of the ligands was an absolute inhibitor of CYP450

enzymes. This indicates that they have a high chances of
being metabolized, biotransformed, and excreted from the
biological system. Also, the toxicity of the ligands

evaluated using mutagenicity, tumorigenic effect,
reproductive effect, and irritating effect as endpoints
revealed that all of the MPLs possessed none of the

aforementioned tendencies and as such may not pose a
significant toxicity threat.

To determine the stability of the interaction of ligand 3
with the target protein, the proteineligand complex was

subjected to MD simulation study. The results of the MD
study presented as a plot of RMSF against the protein resi-
dues of PBP1a (Figure 3a) revealed that most of the active

residues of the target macromolecule fluctuated stably
around less than 2.0 Å, an indication that the protein
structure is stable and does not diverge significantly from

its initial structure. The significant divergence observed for
residues A112 (3.3 Å), A168 (4.8 Å), and A246 (4.2 Å)
could be the result of some structural changes that the
protein undergoes. Also, the 3D structures of the 10 final

models are presented in the “model-all” set (Figure 3b).
The different visuals in the model attests to the structural
heterogeneity of the macromolecule. Additionally, the

detailed view of the residueeresidue interaction pattern of
the protein is presented by the “contact map” in Figure 3c.
The interaction within a pair of residues is denoted by each

dot in the map, and the frequency of occurrence of these
interactions is dependent on the color of the map. The
prevalence of deep dark colors on a scale of 1.0 (Figure 3c)

indicates that strong residueeresidue interactions abound
among the residues of the PBP1a protein target.

Conclusion

The search for novel drug candidates for the treatment of
S. typhimurium-induced salmonellosis is a continuum

considering the rising cases of resistance to existing antibi-
otics by this pathogenic microbe. In this study, the molecular
docking technique was used to virtually screen a set of

bioactive cephalosporin derivatives against the PBP of the
bacterium. Three highly potent drug candidates were filtered
out as the most promising leads. In silico ADMET analysis
carried out on the selected ligands revealed that they

exhibited positive pharmacokinetic and toxicity profiles. MD
simulation of the most stable complex revealed that the
ligand (compound 3) bound favorably to the target protein

(PBP1a) in a dynamic manner. The findings of this research
could provide excellent leverage towards the discovery and
rational design of novel antibiotics that could arrest the

deleterious effect of multidrug drug resistance in
S. typhimurium.
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