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 In a bid to discovering novel antibiotics to combat growing trend of multi-drug resistance strains 
of Salmonella typhi, 48 new pyridine derivatives with significant inhibitory activities against the 
aforementioned bacterium were subjected to molecular docking against DNA gyrase protease of 
the bacterium, drug likeness evaluation and pharmacokinetics profiling. All the 48 leads 
displayed better binding affinity values when compared with Amoxicillin, Ciprofloxacin, 
Ceftriaxone, Ampicillin, and chloramphenicol, the standard antibiotics used herein for quality 
assurance. Furthermore, the majority of the compounds were, however, screened out due to their 
poor pharmacokinetics profiles and drug-likeness. Only five compounds emerged as the most 
promising leads and they include C4 with binding affinity of -8.0 kcal/mol, C8 (-8.6 kcal/mol), 
C9 (-8.1 kcal/mol), C26 (-8.3 kcal/mol), and C27 (-8.0 kcal/mol). These compounds not only 
displayed better binding affinity when compared with the reference antibiotics but also exhibit 
different modes of interactions with the target protease of the bacterium making them more 
potent and drug like.  Toxicity evaluation of the leads also revealed that the compounds are 
neither tumorigenic nor mutagenic. In view of the excellent binding affinity, high 
pharmacokinetics profile and positive drug-likeness of the novel ligands, we recommend these 
promising compounds for in vitro and in vivo studies in order to discover novel antibiotics that 
could curb the dangerous trend of multiple drug resistance by Salmonella typhi. 
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1. Introduction  

 

     
      Salmonella typhi is a bacterium responsible for typhoid fever, a contagious disease characterized by persistent high 
temperature that increases gradually each day, headache, general aches, fatigue, cough and constipation.1 World Health 
Organization estimated 11–21 million cases of typhoid fever and approximately 128 000–161 000 deaths annually across 
the globe.2  
 
     This poor hygiene-associated infectious disease is prevalent in developing countries such as South and South East Asia 
as well as sub-saharan Africa.2,3 Lack of proper sanitation and access to safe drinking water are triggers to the spread of this 
disease.4,5 

 
      Although typhoid fever is treated with antibiotics but the emergence of multi-drug resistant strains of Salmonella typhi 
is constituting a serious threat to public health and may pose serious global health burden, thus a need for discovery of 
newer antibiotics in the drug development pipeline has become necessary.6-12 
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     Among the recent computational studies geared towards the discovery of novel inhibitors of DNA gyrase is the work of 
Anebi et al. 13 wherein the authors carried out molecular docking study, drug-likeness and pharmacokinetic properties 
(ADMET) prediction of some novel thiophene derivatives as Salmonella typhi inhibitors. Also, Abhishek et al. 14 performed 
Virtual Screening, Molecular Docking, and ADME/T Analysis of Natural Product Library against Cell Invasion Protein 
SipB of Salmonella enterica serotype typhi. Likewise, Arunkumar et al. 15 evaluated seaweed sulfated polysaccharides as 
natural antagonists targeting Salmonella typhi OmpF using virtual screening, molecular docking and ADMET analysis. 
 
     Organic compounds, especially organic compounds containing pyridine moiety, are very important and have a lot of 
biological and industrial applications.16-19 Pyridine based compounds has shown significant inhibitory activity against 
Salmonella typhi.20-25 Theoretical investigation of the binding modes of these bioactive compounds to GyrA, an enzyme 
that plays essential role in the supercoiling and replication of Salmonella typhi and assessment of their drug likeness would 
provide scientific roadmaps towards the discovery and development of novel drugs for the treatment of typhoid fever. 
 
     In this research work, we investigated the inhibitory activities of some pyridine derivatives against Salmonella typhi 
using virtual screening techniques to filter out most promising leads that could be used to design novel antibiotics against 
this pathogenic bacterium. This has become necessary considering the rising cases of multi-drug resistance threats posed 
by this microbe. 
 
2. Materials and Methods 
 
2.1 Materials 
 
     The computer hardware and software used for this insilico research include Dell computer system, with processor 
properties of Intel ® Core i3-6100U CPU Dual @ 2.30 GHz, 12 GB (RAM) size on Microsoft windows 8.1 Ultimate 
Operating System, Spartan 14 V.1.1.0, ChemDraw Ultra 12, Spartan 14 V 1.1.2 developed by Wavefunction Inc., AutoDock 
tools in AutoDock 4.3 program, Discovery Studio Visualizer V.16.1.0, EasyDockVina v2.2, DataWarrior v.4.2.2., and 
SwissADME online tools. 
 
2.2 Methods 
 
2.2.1 Lead identification and optimization 
 
      Lead in this context is a compound that demonstrates a desired biological activity against Salmonella typhi on a validated 
molecular target. In this work, a total of 48 leads were obtained from recent literatures.26-27 The inhibitory activities of the 
leads were measured using the same experimental procedures and a wide range of inhibitory activities were covered. In 
order to get the minimum energy geometry of the leads and the standard antibiotics, they were optimized using the Density 
Functional Theorem (6-311G* basis set) technique embedded in Spartan’14 software (www. wavef un. com). The optimized 
structures were saved in protein data bank (PDB) and sdf file format for further analysis. The structures of the leads and 
their anti- Salmonella typhi inhibitory activities are presented in Table 1. 
 
2.2.2 Molecular Docking 
 
      Molecular docking, a technique that allows accurate prediction of the strength of association or binding affinity between 
the leads (ligands) and the target protein (GyrA) was used to screen the novel ligands for their binding affinity to the target 
protein. The optimized ligands were prepared using the AutoDock Vina interface and saved as pdbqt files. The 3-D crystal 
structure of the target protein was retrieved from RCSB (www. rcsb. org/pdb) protein data bank (PDB Code: 5ztj). The 
protein was prepared on the Discovery Studio interface where water molecules and heteroatoms were removed. The 
prepared protein was further exported into the AutoDock Vina interface where missing atoms were checked and repaired, 
partial atomic charges were assigned and all necessary valency tests and H-atom additions were performed. The results of 
the docking simulation were validated with the aid of AutoDock Vina (EasyDock Vina software) with the following binding 
location; center_x = 26.438; center_y = 22.971; center_z = 22.2 ; Dimension-x = 40; Dimension-y = 40; Dimension-z = 40. 
The Discovery Studio Visualizer v16.1.0.15350 was deployed to picture the kind of interactions in the stable protein-ligand 
complex formed. Fig. 1 shows the 3D structure of the protein target. As a quality control measure, structures of five common 
antibiotics currently in use for the treatment of Salmonella typhi infections were retrieved from PubChem drug data bank 
(https://pubchem.ncbi.nlm.nih.gov/compound) and use as standards for comparison. These ligands were optimized, treated 
and docked with GyrA target to examine their binding affinities using the aforementioned procedures for the lead molecules. 
The standard antibiotics used are Amoxicillin, Ciprofloxacin, Ceftriaxone, Ampicillin, and chloramphenicol.  
 
2.2.3 Pharmacokinetics and Toxicity Evaluation 

      Drug candidates must possess low toxicities and high pharmacokinetic profile. Thus, pharmacokinetic profiling and 
toxicity evaluation was performed on all the novel ligands with the aid of DataWarrior v.4.2.2 software and SwissADME 
online tools (http://www.swissadme.ch). Evaluation of passive gastrointestinal absorption (HIA) and brain penetration 
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(BBB) of the leads were performed using the BOILED-Egg method while drug-likeness of the leads were assessed using 
the Bioavailability Radar models.28 

 

 
 

Fig. 1. 3D structure of the protein target (gyrA) 
 
Table 1. Molecular structures and experimentally determined Minimum inhibitory concentration of the leads 

S/n Structure MIC 
(μg/mL) 

S/n Structure MIC 
(μg/mL) 

 
C1. 

 

 

 
200 

 
C2. 

 

 

 
500 

 
C3. 

 

 

 
250 

 
C4. 

 

 

 
200 

 
C5. 

 

 

 
500 

 
C6. 

 

 

 
200 

 
C7. 

  
63 

 
C8. 

  
500 
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C9. 

 

 

 
100 

 
C10. 

 

 

 
500 

 
C11. 

 

 

 
200 

 
C12. 

 

 

 
250 

 
C13. 

 

 

 
100 

 
C14. 

 

 

 
250 

 
C15. 

  
500 

 
C16. 

  
200 
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C17. 

 

 

 
250 

 
C18. 

 

 

 
50 

 
C19. 

 

 

 
100 

 
C20. 

 

 

 
200 

 
C21. 

 

 

 
200 

 
C22. 

 

 

 
250 

 
C23. 

 

 

 
500 

 
C24. 

 

 

 
100 

 
C25. 

  
100 

 
C26. 

  
125 
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C27. 

 

 

 
500 

 
C28. 

 

 

 
500 

 
C29 

 

 
 

 
630 

 
C30. 

 

 

 
200 

 
C31. 

 

 

 
500 

 
C32. 

 

 

 
500 

 
C33. 

 

 

 
200 

 
C34. 

 

 

 
200 
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C35. 

 
 

 
500 

 
C36. 

 

 

 
150 

 
C37. 

 

 

 
100 

 
C38. 

 

 

 
200 

 
C39. 

 

 

 
125 

 
C40. 

 

 

 
150 

 
C41. 

 

 

 
125 
 

 
C42. 

 

 
 

 
1000 

 
C43. 

  
500 

 
C44. 

  
100 
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C45. 

 

 

 
200 

 
C46. 

 

 

 
500 

 
C47. 

 

 

 
50 
 

 
C48. 

 

 

 
125 

 
 

3. Results and Discussions 

3.1 Molecular docking on most promising hit compounds 

The results of molecular docking for the leads and standards are presented in Tables 2 and 3, respectively. The best result 
was selected on the basis of the conformation with the least distance from the root mean square (rmsd) upper bound (u.b) 
and lower bound (l.b). The molecular docking studies revealed that the 48 novel pyridine-based GyrA inhibitors showed 
better docking scores compared to the standard antibiotics. Majority of the ligands, despite their excellent binding affinity 
to the target protein were screened out due to poor pharmacokinetic profiles, poor water solubility and poor oral 
bioavailability, except compounds C4, C8, C9, C26, and C27. Thus, these compounds were selected as the most promising 
leads and their binding affinity values to the target protein are presented in Table 2.  
  
Among the promising leads, C8 has the best dock score with a binding affinity of -8.6 kcal/mol. The 3D and 2D diagrams 
of interactions with the amino acid side chains of the target protein is shown in Figure 2. It displayed two pi-cation 
interactions with ARG612; two pi-sigma interactions with VAL838 and ILE578; five pi-alkyl interactions with VAL839, 
LEU581 and ILE578; an alkyl interaction with MET796; a carbon-hydrogen interaction with ARG615. There was however, 
an unfavorable acceptor-acceptor interaction with ARG806. 
  
Also, Fig. 3 gives the 3D and 2D diagram of interaction of C4 with the target. The binding affinity of this ligand to the 
protease is -8.0 kcal/mol and it displays the following modes of interaction: two pi-cation interactions with ARG612; five 
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pi-alkyl interactions with VAL839, LEU581 and ILE578; an alkyl interaction with MET796; a pi-sigma interaction with 
VAL839, a water-hydrogen bond at HOH1003; two carbon-hydrogen bond at ALA614 and ARG615; unfavorable acceptor-
acceptor interaction with ARG806. 
  
An excellent binding score of -8.1kcal/mol was recorded for C9. The 3D and 2D diagram of its complex with the protease 
(Fig. 4) reveals that it forms five pi-alkyl interactions with VAL839, LEU581 and ILE578; an alkyl interaction with 
MET796; two pi-cation interactions with ARG612; a pi-sigma interaction with VAL839; two carbon-hydrogen bond at 
ALA614 and ARG615; and unfavorable acceptor-acceptor interaction with ARG806. 
  
Furthermore, the binding score for the interaction of C26 with the target is -8.3 kcal/mol. This ligand exhibits five binding 
interactions in all (Fig. 5): two alkyl interactions with ILE578 and VAL839; two pi-alkyl interaction with ILE578 and 
MET796; and an unfavorable bump interaction with ARG806. 
  
C27 with a binding score of -8.0 kcal/mol appears to have the best interactions as no unfavorable bump was found. This 
ligand exhibits a total of five interactions as shown in Fig. 6. It displayed a water hydrogen bond at HOH983; two 
conventional hydrogen bond interactions with ILE578 and ARG806; a pi-cation interaction with ARG612; and an alkyl 
interaction with ARG612. 
  
The interaction of the three reference antibiotic ligands with the active sites of the target protein are presented in Fig. 7. 
Fig. 7a gives the complex of amoxicillin ligands within the active sites of GyrA protein target. This standard drug displayed 
the following interactions with GyrA target; three alkyl interactions with MET796 and LEU804; three conventional 
hydrogen bond interactions with ARG612, ASP576, and ILE578; a pi-cation interaction with LYS550; and water hydrogen 
bond interaction at HOH918. 
  
Also, the diagram of interaction of ceftriaxone with protease target is shown in Fig. 7b and their binding affinity values in 
Table 3. A sum total of four interactions were observed; two alkyl interactions with LEU687 and PRO636; a conventional 
hydrogen bond interaction with LEU581; and an unfavorable donor-donor interaction with GLY837. 
  
Furthermore, the ciprofloxacin- GyrA interaction is presented in Fig. 7c. A total of nine interactions abound. Three water 
hydrogen bond interactions with HOH957, HOH947, and HOH979; two pi-pi stacking interactions with HIS545 and 
ARG630; a conventional hydrogen bond interaction with ARG580; one pi-alkyl interaction with HIS545; and a van der 
waals interaction with VAL834. 
  
As a way of comparison, the novel pyridine based leads displayed interactions with the amino acids side chains of GyrA 
similar to amoxicillin, ceftriaxone, and ciprofloxacin.  
 
 
 
 

 
 

 

Fig. 2. 3D and 2D diagram of interaction of C8 with the target 
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Table 2. Molecular Docking Result for the Leads 
Compound Affinity (kcal/mol) Compound Affinity (kcal/mol) Compound Affinity (kcal/mol) 
C1 -8.3 C17 -8.9 C33 -8.6 
C2 -8.5 C18 -8.4 C34 -9.0 
C3 -8.4 C19 -8.4 C35 -8.5 
C4 -8 C20 -8.6 C36 -8.1 
C5 -8.4 C21 -8.5 C37 -8.1 
C6 -8.3 C22 -8.9 C38 -8.5 
C7 -8.8 C23 -8.5 C39 -8.4 
C8 -8.6 C24 -8.4 C40 -8.4 
C9 -8.1 C25 -8.7 C41 -8.5 
C10 -8.7 C26 -8.3 C42 -8.7 
C11 -9.3 C27 -8 C43 -8.2 
C12 -9.7 C28 -7.9 C44 -8.1 
C13 -9.6 C29 -7.7 C45 -8.1 
C14 -9 C30 -8.3 C46 -8.3 
C15 -9.6 C31 -8.1 C47 -8.2 
C16 -8.4 C32 -8.1 C48             -8.2 

 

 
 
 
 
 
 
Table 3. Molecular Docking Result for the reference antibiotics 

S/n. Antibiotic structure/name Pubchem CID Affinity 
(kcal/mol) 

 
 
1 

 

 
             Amoxicillin 

 
 
 
33613 

 
 
 
-6.7 
 

 
 
2 

 

 
            Ceftriaxone 

 
 
 
 
5479530 

 
 
 
-7.4 
 

 
 
3 

 

 
Ciprofloxacin 

 
2764 

 
-6.6 
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Fig. 3. 3D and 2D diagram of interaction of C4 with the target 

  
Fig. 4. 3D and 2D diagram of interaction of C9 with the target 

 
Fig. 5. 3D and 2D diagram of interaction of C26 with the target 

  
 

Fig. 6. 3D and 2D diagram of interaction of C27 with the target 
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7a: Complex amoxicillin with GyrA 

 
7b: Complex of Ceftriazone with GyrA 

  
7c: Ciprofloxacin-GyrA complex 

Fig. 7. 3D and 2D diagram interaction of the standard antibiotics with the target protein 

 
3.2 Pharmacokinetics and Drug-likeness Analysis 
 
     The physicochemical properties and Pharmacokinetics profiles of the most promising leads are displayed in Tables 4 
and 5, respectively. Our result as it concerns the drug-like features showed that all the most promising leads respected the 
Lipinski’s and the Veber’s rules (Table 4). Lipinski’s rule of five (RO5) states that a compound with a molecular mass 
below 500 Dalton (MW), an octanol-water partition coefficient (LogPo/w) less than 5, no more than five hydrogen bond 
donors (HBD) and no more than 10 hydrogen bond acceptors (HBA) could be a good drug candidate. Veber’s rule on the 
other hand states that a compound with 10 or fewer rotatable bonds (RTB) and a topological polar surface area (TPSA) not 
greater than 140 Å2 should be a good orally bioavailable drug.  
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     The pharmacokinetics data (Table 5) reveals that all the compounds possess high gastrointestinal absorption and no 
brain barrier penetration potential. Toxicological data shows that none of the compounds was found to be tumorigenic or 
mutagenic. 
 
     Graphically, drug-likeness of the leads assessed using the Bioavailability Radar models are presented in Fig. 8 (a-e). 
This radar enables a first glance at the drug-likeness of the molecules. The pink area represents the optimal range for each 
property. As seen from the diagram, all the leads exhibited positive drug-likeness as all the indices; lipophilicity (LIPO), 
size, solubility (INSOLU), Polarity, saturation (INSATU), flexibility (FLEX), fell within the optimum range of the radar. 
 
      In order to complement pharmacokinetics information in Table 5 graphically, intuitive evaluation of passive 
gastrointestinal absorption (HIA) and brain penetration (BBB) was performed on the leads using the BOILED-Egg model 
28 in Fig. 9. The result shows that all the ligands except C27 fell within the white region, an indication that all the compounds 
possess high gastrointestinal absorption.  
 
      P-glycoprotein (P-gp) is one of the proteins expressed naturally on the plasmatic membranes of endothelial cells at the 
blood-brain barrier (BBB) that protects the brain from harmful substances by excluding them from entering into the 
parenchyma from blood circulation. It plays important role for the blood brain barrier as a defense against penetration of 
toxins and drugs into the central nervous system.29 It was found that all the most promising ligands with the exception of 
C27 are substrate of P-glycoprotein (P-gp+) and as such could be actively effluxed by P-gp.   
 

Table 4. Physicochemical Properties of the leads 
Compound Rule C4 C8 C9 C26 C27 
Lipinski’s yes yes yes yes yes 
HBA 1 1 1 1 1 
HBD 6 5 6 5 5 
MW (gmol-1) 393.41 413.47 443.49 369.42 383.45 
LogP(o/w) 4.49 4.81 4.77 3.46 3.67 
Veber’s yes yes yes yes yes 
RTB 4 3 4 2 2 
TPSA (Å2) 81.79 72.56 81.79 105.78 105.78 

 

Table 5. Pharmacokinetics profiles of the most promising leads 
Compound GI Absorption BB permeant P-gp substrate Tumorigenic mutagenic 
C4 High No Yes No No 
C8 high No yes No No 
C9 High No Yes No No 
C26 High No Yes No No 
C27 High No No No No 

      GI = gastro intestinal absorption, BBB=blood brain barrier, P-gp = P-glycoprotein 

  

Fig. 8a. Bioavailability Radar for C4 Fig. 8b. Bioavailability Radar for C8 

 
 

Fig. 8c. Bioavailability Radar for C9 Fig. 8d. Bioavailability Radar for C26 
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Fig. 8e. the Bioavailability Radar for C27 

 
           C4 = molecule 1; C8 =molecule 2; C9 = molecule 3; C26 = molecule 4; C27 = molecule 5 
 

Fig. 9 . The BOILED-Egg Diagram for the most promising leads 
 
4. Conclusion 

DNA gyrase (GyrA) plays essential role in the supercoiling and replication of Salmonella typhi, making this macromolecule 
a major target of antibiotics. In this research, 48 series of pyridine based heterocycles with potent anti-Salmonella typhi 
activities were subjected to virtual screening using molecular docking, drug likeness assessment and pharmacokinetics 
analysis techniques. As a quality control measure, three standard antibiotics used for routine treatment of typhoid fever were 
also docked with the GyrA protein target to ascertain their binding affinities. The result showed that all the ligands possessed 
better binding affinity to the protein target in comparison to the antibiotics. Pharmacokinetic and drug-likeness evaluation 
revealed that only five of the ligands displayed positive pharmacokinetics profile and drug-likeness. We therefore 
recommend these promising compounds for lead optimization with the view of discovering novel antibiotics that could curb 
the dangerous trend of multiple drug resistance by Salmonella typhi. 
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