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ABSTRACT 
Introduction:  The devastating effect of persistent and recurrent bacterial infections coupled with 
antibiotic resistance is a driving force for prospects into alternative antibacterial therapeutics to 
achieve treatment. This study investigates the antibacterial potential of Ximenia americana (XA) via 
molecular docking, molecular dynamics, and ADMET approach. 

Materials and methods: The ligands and target were downloaded from respective databases and 
docked using PyRx software followed by molecular dynamics simulation (MDS) with iMOD and 
CABflex 2.0 online servers then ADMET, drug likeness, lead likeness, and medicinal chemistry 
predictions of the top docked ligands using pkCSM and SwissADME online servers. 

Results: Stigmasterol exhibited the lowest binding affinity and inhibition constant respectively with 
all the targets; enoyl-acyl-carrier-protein reductase (-7.1 kcal/mol and 6.16 µM), Penicillin-binding 
Protein 2X (-8.8 kcal/mol and 0.35 µM), dihydrofolate reductase (-9.6 kcal/mol and 0.09 µM), 
dihydropteroate Synthase (-7.8 kcal/mol and 1.89 µM), UDP-N-acetylglucosamine enolpyruvyl 
transferase (-7.1 kcal/mol and 6.16 µM), and topoisomerase IV (-7.8 kcal/mol and 1.89 µM). The 
MDS showed several cluster displacements and residue fluctuations with the docked targets with 
higher residue fluctuations observed for enoyl-acyl-carrier-protein reductase (11.33 Å), Penicillin-
binding Protein 2X (4.67 Å), dihydrofolate reductase (3.61 Å), dihydropteroate Synthase (4.97 Å), 
UDP-N-acetylglucosamine enolpyruvyl transferase (3.38 Å), and topoisomerase IV (4.35 Å). 4,4-
Dimethylcyclohex-2-en-1-ol exhibited superior overall ADMET properties, oral bioavailability, drug-
likeness, and medicinal chemistry. 

Conclusion: Conclusively, Stigmasterol and 4,4-Dimethylcyclohex-2-en-1-ol might be responsible 
for the antibacterial effect of XA. Although the latter showed better interaction with the target 
proteins, the former showed better ADMET properties, oral bioavailability, drug-likeness, and 
medicinal properties. However, improvement in these properties might enhance their antibacterial 
activity. 
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  Introduction 
Bacterial infections are regarded as a major culprit 

leading to mortality worldwide which is further 
complicated by the emergence of antimicrobial resistance 
(AR) (Uddin et al., 2021). Antibiotic abuse in clinical 
practice contributes to the enhanced evolution of microbes 
via mutation into more infectious and antibiotic-resistant 
strains, thus creating a major problem in treatment and 
threatening global health (Kapoor et al., 2017). In bacteria, 
AR emerges as a result of antibiotic inactivation, metabolic 
pathways bypass, modified target, and permeability 
(Kapoor et al., 2017). This mechanism forms a basis for 
survival and enhances their endurance to antibiotic effects 
previously lethal to their survival (Zaman et al., 2017). 
Additionally, biofilm formation has also facilitated AR, 
further complicating treatment (Uddin et al., 2021). 
Although the use of antibiotics is acceptable worldwide, 
bacteria evolution into antibiotic resistance strains is a 
global concern due to the re-emergence of drug-resistant 
infections (Gajdács & Albericio, 2019). Antibiotics target 
DNA replication proteins, cell walls, and macromolecule 
synthesis, which are processes needed for bacterial 
survival (Kapoor et al., 2017). However, the instinct for 
survival and adaptation to adverse conditions associated 
with bacteria drives evolutionary mechanisms including 
genetic modifications that lead to AR (MacGowan & 
Macnaughton, 2017).  

Although multiple drugs or combined therapies are 
applied in the treatment of bacterial infections, the problem 
of multidrug resistance further emerges (Uddin et al., 
2021), thus the prospects for alternatives such as plant-
based sources.  Plant-based drugs include phytochemicals 
produced in plants against predators and climate change to 
ensure their survival (Doughari, 2012). Some of these 
phytochemicals are lethal to bacteria targeting multiple 
processes and pathways simultaneously and 
synergistically (Dahiru et al., 2023b). Thus, might be 
regarded as an alternative to conventional drugs in 
combating AR. The use of plants in the management of 
bacterial ailments garnered attention due to their 
affordability, safety, and acceptability. Thus, various 
plants of varying efficacy are used for antibiotic purposes 
to achieve therapeutic goals (Chassagne et al., 2021). 
Moreover, previous studies reported the antibacterial 
activity of different plant extracts revealing the 
bactericidal and inhibitory effects of the plant extracts 
(Dahiru et al., 2023a; Dahiru et al., 2023b; Ebbo et al., 
2019). X. americana has been associated with different 
antibacterial effects (Agustina & Nugroho, 2021; Kiessoun 
et al., 2018; Maikai et al., 2009) including inhibiting 
biofilm formation (Bakrim et al., 2022), and antibiotic 
synergistic effect (de Menezes et al., 2019). In traditional 
medicine, the plant is used for urinary tract infections, 

diarrhea, anti-parasitic, leprotic ulcers, antiseptic, and skin 
infections (Monte et al., 2012).  

Different computational techniques are employed in 
drug discovery and design to predict the possible 
mechanism of action of compounds including molecular 
docking, molecular dynamics, and the ADMET 
(absorption, distribution, metabolism, excretion, and 
toxicity) approach (Clegg & Mac Gabhann, 2015; Lin et 
al., 2020; Sliwoski et al., 2014). In the molecular docking 
approach, ligands (compounds) and targets (proteins) are 
downloaded from various databases and prepared by 
energy minimization, water molecules, and heteroatom 
removal for docking (Raval & Ganatra, 2022). The ligand 
is docked into the binding pocket of the target to calculate 
the binding affinity or energy and the interactions (Raval 
& Ganatra, 2022). This can be further subjected to 
molecular dynamics simulation to predict the possible 
residue motion with the structure of the target 
(Hollingsworth & Dror, 2018). Previous studies revealed 
many compounds with various antimicrobial properties 
present in X. americana (Dahiru et al., 2022). However, 
the exact mechanisms of action of the compounds are yet 
to be identified. In this study, the antibacterial activity of 
the compounds previously identified in X. americana was 
investigated in silico via molecular docking and molecular 
dynamics to determine its major antibacterial compounds 
followed by ADMET predictions of the compounds for 
drug- and lead-likeness potential. 

Materials and methods 
Materials 

Hardware Specification  

A personal computer was used for the present study with 8 
GB RAM with an AMD 2.1 GHz to 2.9 GHz Elite Quad-
core A10-5745M accelerated processer and AMD Radeon 
HD 8610G graphics with up to 3053 MB total graphics 
memory.  

Ligands and Targets 

The ligands (compounds) previously identified in our 
study (Dahiru et al., 2022) and targets used in our study 
were downloaded from the PubChem 
(https://pubchem.ncbi.nlm.nih.gov) and RSCB 
(https://www.rcsb.org) databases in SDF and PDB formats 
respectively. The ligands were energy-minimized using 
the PyRx – Python Prescription software (version 0.8) 
while water molecules, heteroatoms, attached ligands, and 
extra chains were removed from the targets using 
AutoDockTools (version 1.5.7) (Sanner, 1999) before 
docking. The list of ligands is presented in Table 1 
including their PubChem ID.  

  

https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/
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  Table 1: List of Ligands 

Name PubChem ID 
Catechol 289 

Phloroglucinol 359 
Hydroquinone 785 
Palmitic Acid 985 

Pyrogallol 1057 
Methyl palmitate 8181 

5-Methyl-1H-pyrazole-3-carboxylic acid 9822 
Hydroxyquinol 10787 

Tridecane 12388 
Pentadecanoic acid 13849 
2-Isopropoxyphenol 20949 
2-dodecoxyethanol 24750 

5-Acetoxymethyl-2-furaldehyde 66349 
6-Methylpyridazin-3(2H)-one 83346 

3,4-dimethylcyclohexanol 97960 
2,6-Heptanedione 100532 

5-Butylnonane 300476 
Oleic Acid 445639 

3,8-Dimethyldecane 519396 
Tetradec-13-enal 522841 

Stigmasterol 5280794 
1-(1-Butenyl) pyrrolidine 5357122 

7,11-Hexadecadien-1-ol, acetate, (7Z,11Z)- 5363265 
9-Tetradecenal, (Z)- 5364471 

4,4-Dimethylcyclohex-2-en-1-ol 19771306 

The docking targets are presented in Table 2 depicting their RSCB PDB ID and the docking grid box center. 

Table 2: List of Targets 

Name PBD ID Grid box center 

X Y Z 

Enoyl-acyl-carrier-protein Reductase (FabI) 1LX6 -2.28 22.61 134.79 
Penicillin-binding protein 2X (PBP2X) 5OJ0 33.51 -16.54 54.36 

Dihydrofolate reductase (DHFR) 1RG7 -1.21 21.34 21.20 
Dihydropteroate synthase (DHPS) 5V79 -18.37 7.09 103.33 

UDP-N-acetylglucosamine enolpyruvyl transferase (MurA) 2RL2 28.79 -53.59 45.05 
Topoisomerase IV (TopoIV) 3FV5 12.93 -0.80 2.39 
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  Methods  

Molecular Docking (MD) and Molecular Dynamics 
Simulation (MDS) 

The docking pockets were initially identified using the 
Prankweb online server (https://prankweb.cz) (Jendele et 
al., 2019) to determine the docking coordinates. The 
docking protocol was carried out using the PyRx software 
via the Vina wizard to determine the binding affinity (BA) 
with exhaustiveness set to 16. The inhibition constant (Ki) 
was evaluated from the BA using the equation Ki = exp 
∆G/RT where T=298.15 K (temperature) and R=1.985 x 
10-3 kcal-1 mol-1 k-1 (the universal gas constant) and ∆G = 
binding affinity (Ortiz et al., 2019). Furthermore, the 
ligand-target docked complexes were saved in PDB and 
visualized in 2D and 3D using Biovia Discovery Studio 
Visualizer (version 16.1.0). Additionally, only the top three 
compounds with the least BA and Ki were selected and 
presented. Lastly, the top docked complex with the least 
BA and Ki was subjected to MDS using the iMODs server 
(https://imods.iqfr.csic.es) (iMODS) (López-Blanco et al., 
2014) and CABs-flex v2.0 
(http://biocomp.chem.uw.edu.pl/CABSflex2/index) 
(Kurcinski et al., 2019) online servers to identify cluster 
and residue displacements denoted by the root-mean-
square fluctuation (RMSF) respectively. 

 

 

 

ADMET Prediction 

The ADMET of the compound with the least BA and Ki 
interaction was further predicted using the pkCSM online 
server  (https://biosig.lab.uq.edu.au/pkcsm) (Pires et al., 
2015) and the SwissADME server 
(http://www.swissadme.ch) (Daina et al., 2017) for its 
drug-likeness and medicinal chemistry. 

Results  
The BA and Ki of the compounds docked with FabI 

and PBP2X are displayed in Table 3. Stigmasterol 
exhibited superior binding interaction with FabI 
demonstrating the least BA (-7.1 kcal/mol) and Ki (6.16 
µM) followed by 4,4-Dimethylcyclohex-2-en-1-ol with -
5.5 kcal/mol and 92 µM next to 7,11-Hexadecadien-1-ol, 
acetate, (7Z,11Z) with -5.0 kcal/mol and 214.24 µM. The 
docking interactions with PBP2X revealed stigmasterol as 
the most favorable among the compounds with BA and Ki 
of -8.8 kcal/mol and 0.35 µM respectively next to 4,4-
Dimethylcyclohex-2-en-1-ol with -7 kcal/mol and 7.30 
µM, while the least favorable was 7,11-Hexadecadien-1-
ol, acetate, (7Z,11Z) with -5.3 kcal/mol and 129.05 µM, a 
similar pattern observed in that of FabI.  

The binding interactions of FabI with stigmasterol 
are presented in Figure 1 showing the 2D and 3D dock 
pose and depicting the hydrogen bonds and alkyl 
interactions. Single conventional hydrogen was observed 
with LYS163 while six alkyl interactions were also 
observed. 

 
 
 

Table 3: Binding affinity and Ki of the interaction of FabI and PBP2X with the compounds 
 

Target Ligand Binding 
Affinity 

(kcal/mol) 

Ki (µM) 

FabI 
Stigmasterol -7.1 6.16 

4,4-Dimethylcyclohex-2-en-1-ol -5.5 92.04 
7,11-Hexadecadien-1-ol, acetate, (7Z,11Z) -5.0 214.24 

PBP2X 

Stigmasterol -8.8 0.35 
4,4-Dimethylcyclohex-2-en-1-ol -7.0 7.30 

7,11-Hexadecadien-1-ol, acetate, (7Z,11Z) -5.3 129.05 
 

https://prankweb.cz/
https://imods.iqfr.csic.es/
http://biocomp.chem.uw.edu.pl/CABSflex2/index
https://biosig.lab.uq.edu.au/pkcsm
http://www.swissadme.ch/
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Figure 1: Binding interactions and docked pose of stigmasterol with FabI; a) 2D and b) 3D

 

The residue fluctuation and cluster displacement of 
FabI and stigmasterol-FabI docked complex are shown in 
Figure 2. Increased residue fluctuations were observed at 
GLY2 (11.33 Å), SER16 (2.12 Å), ASN41 (2.50 Å), 
CYS210 (1.14 Å), and ASN257 (3.52 Å) though there was 

a decrease at ASP103 (2.51 Å) compared to the 
apoenzyme. Although the highest cluster movement was 
observed at the N-terminal end of the peptide, a lesser 
displacement was also observed close to the midchain. 

.

 
Figure 2: MDS result depicting residue fluctuation of; a) FabI, b) Stigmasterol-FabI docked complex, and c) Cluster 
displacement of the docked complex (blue and red arrows indicate higher and lower displacements respectively) 
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  The binding interactions of PBP2X with the stigmasterol 
are presented in Figure 3 highlighting the residue 
involved in 2D and 2D dock pose.  A π-alkyl interaction 

with PHE450 was observed in addition to a π-sigma with 
TRP374.  

 
Figure 3: Binding interactions and docked pose of stigmasterol with PBP2X; a) 2D and b) 3D 

 

Figure 4 presents the MDS results for PBP2X and 
stigmasterol-PBP2X docked complex showing the 
fluctuating residues and cluster movement. Several 
increased residue displacements were observed with the 
highest by ILE318 (4.67 Å) while others include PRO144 
(3.31 Å), GLN629 (4.54 Å), GLY677 (3.13 Å), and  

ASP750 (4.24 Å). However, a notable decrease in ASP555 
(2.07 Å) and ASN580 (3.09 Å) was also observed.  
Additionally, cluster displacements were seen at both 
terminal clusters of the peptide and within its structure 
though the highest was at the N-terminal.  
 
 

Figure 4: MDS result depicting residue fluctuation of; a) PBP2X, b) Stigmasterol-PBP2X docked complex, and c) Cluster 
displacement of the docked complex (blue and red arrows indicate higher and lower displacements respectively) 
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  Table 4 displays the BA and Ki of the binding affinity and 
Ki of DHFR and DHPS with the compounds. Stigmasterol 
exhibited a superior and more favorable interaction with 
DHFR with BA and Ki of -9.6 kcal/mol and 0.09 µM 
respectively followed by 4,4-dimethylcyclohex-2-en-1-ol 
with -7.7 kcal/mol and 2.24 µM. Oleic acid exhibited the 
highest BA (-6.5 kcal/mol) and Ki (17 µM) when docked 
with DHFR. Furthermore, stigmasterol showed the BA 
(-7.8 kcal/mol) and Ki (1.89 µM) when docked with 
DHPS. These values are more favorable interactions 

compared to the other compounds. Specifically, 4,4-
dimethylcyclohex-2-en-1-ol showed a BA of -5.7 kcal/mol 
and Ki of 65.65 µM, while 5-acetoxymethyl-2-furaldehyde 
demonstrated the least favorable values with -5.3 kcal/mol 
and 129.05 µM, respectively.  

The 2D and 3D dock poses depicting the binding 
interactions of the stigmasterol-DHFR docked complex 
are presented in Figure 5. A total of seven alkyl 
interactions were observed with ILE50, LEU28, LEU54, 
PHE31, ILE94, ALA19, and LYS32.  

 
Table 4: Binding affinity and Ki of the interaction of DHFR and DHPS with the compounds 

 
Target Ligand Binding Affinity (kcal/mol) Ki (µm) 

DHFR 
Stigmasterol -9.6 0.09 
4,4-Dimethylcyclohex-2-en-1-ol -7.7 2.24 
Oleic Acid -6.5 16.99 

DHPS 
Stigmasterol -7.8 1.89 
4,4-Dimethylcyclohex-2-en-1-ol -5.7 65.65 
5-Acetoxymethyl-2-furaldehyde -5.3 129.05 

 

 
 

Figure 5: Dock poses and interactions of stigmasterol with DHFR; a) 2D and b) 3D 
 
Figure 6 displays the MDS result of DHFR and 
stigmasterol-DHFR complex revealing the residue 
fluctuation and cluster movement. All the residues were 
displaced with the highest (3.61 Å) displacement observed 
around the midchain (GLY67) of the peptide with cluster 
movement at both terminals. Additionally, notably 
increased displacements by PRO21 (2.70 Å) and a 
decrease by GLY56 (1.91 Å) were observed. Cluster 
displacements were observed within the peptide chain with 
the highest around the N-terminal to midchain of the 
peptide.  

The binding interactions of stigmasterol with DHPS 
are shown in Figure 7 revealing the docked pose in 2D and 
3D. Exactly five alkyl interactions were observed with 

ARG63, HIS257, ILE20, PHE190, and LYS221 
stabilizing the docked complex.  

Figure 8 depicts the cluster displacement and residue 
fluctuation of DHPS and stigmasterol-DHPS docked 
complex MDS. The highest (4.97 Å) residue displacement 
was seen at the midchain (THR147) of the peptide though 
there were increased displacements by MET1 (2.19 Å), 
HIS14 (2.48 Å), and ASN35 (3.33 Å) with decrease by 
PRO80 (0.22 Å), ALA111 (0.56 Å), LEU134 (0.38 Å),  
ALA170 (0.38 Å), and LYS221 (1.78 Å). The C-terminal 
demonstrated the highest cluster displacement though both 
terminals were displaced including the lower displacement 
at the midchain of the peptide.
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Figure 6: MDS result depicting residue fluctuation of; a) DHFR, b) Stigmasterol-DHFR docked complex, and c) Cluster 
displacement of the docked complex (blue and red arrows indicate higher and lower displacements respectively) 
 
 
 

 
Figure 7: Dock poses and interactions of stigmasterol with DHPS; a) 2D and b) 3D 
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Figure 8: MDS result depicting residue fluctuation of; a) DHPS, b) Stigmasterol-DHPS docked complex, and c) Cluster 
displacement of the docked complex (blue and red arrows indicate higher and lower displacements respectively) 
 

The docking interaction of MurA and TopoIV is 
presented in Table 5 revealing the BA and Ki. The most 
favorable docked pose with MurA was exhibited by 
stigmasterol demonstrating the least BA (-7.1 kcal/mol) 
and Ki (10.23 µM) followed by 4,4-dimethylcyclohex-2-
en-1-ol with -6.8 kcal/mol and 10.23 µM respectively. 
Moreover, 5-acetoxymethyl-2-furaldehyde showed the 
highest BA (-5.1 kcal/mol) and Ki (180.94 µM). 
Stigmasterol also exhibited the least BA (-7.8 kcal/mol) 
and Ki (1.89 µM) interacting  

with TopoIV next to 4,4-dimethylcyclohex-2-en-1-ol with 
-5.7 kcal/mol and 65.65 µM respectively while 5-
acetoxymethyl-2-furaldehyde had the highest -5.3 
kcal/mol and 129.05 µM respectively. 

The docking interaction of the stigmasterol-MurA 
docked complex is presented in a 2D and 3D docked pose 
in Figure 9. A single conventional hydrogen bond was 
observed with Lys90, while the alkyl bonds were observed 
with PHE330, ILE119, CYS117, and ARG93, all 
contributing to the stability of the complex.

 
Table 5: Binding affinity and Ki of the interaction of MurA and TopoIV with the compounds 

 
Target Ligand Binding Affinity (kcal/mol) Ki (µM) 
MurA Stigmasterol -7.1 6.16 

4,4-Dimethylcyclohex-2-en-1-ol -6.8 10.23 
5-Acetoxymethyl-2-furaldehyde -5.1 180.94 

TopoIV Stigmasterol -7.8 1.89 
4,4-Dimethylcyclohex-2-en-1-ol -5.7 65.65 
5-Acetoxymethyl-2-furaldehyde -5.3 129.05 



Page 60      Dahiru et al. (2024) Journal of Pharmacy, 4(1), 51-67 

 

 

  

Figure 9: Dock poses and interactions of stigmasterol with MurA; a) 2D and b) 3D 
 

The cluster displacement and residue fluctuation of 
MurA and stigmasterol-MurA docked complex observed 
from MDS are presented in Figure 10. All the residues 
fluctuated with the highest (3.38 Å) by THR69 though 
both terminals also fluctuated. Additionally, increased 
fluctuations were exhibited by GLU87 (1.84 Å) and 
LEU113 (2.51 Å) while CYS117 (1.90 Å), SER212 (1.93 
Å), and HIS301 (1.41 Å) were decreased. Moreover, 
cluster displacement showed higher movement around the 
N-terminal than the C-terminal with the clusters moving in 
opposite directions.  

Figure 11 depicts the 2D and 3D dock pose and 
binding interactions of the stigmasterol-TopoIV docked 
complex. A conventional hydrogen bond was formed 

between the ligand and ASP69, with additional alkyl 
interactions with residues MET74, ILE90, ALA86, 
LEU86, ARG93, and PRO75. 

The cluster displacement and residue fluctuation of 
MDS of TopoIV and stigmasterol-TopoIV docked 
complex are presented in Figure 12. The highest (4.35 Å) 
fluctuation was exhibited by ALA61 (2.76 Å), though 
PRO196 (2.00 Å), ASN207 (2.21 Å), and TY215 (1.91 Å) 
exhibited increased displacements while GLY15 (2.85 Å), 
GLY73 (2.12 Å), and ASN207 (2.21 Å) were decreased. 
Moreover, a higher cluster displacement was observed 
from the N-terminal to the midchain with lower 
displacement at the C-terminal.

 
Figure 10: MDS result depicting residue fluctuation of; a) MurA, b) Stigmasterol-MurA docked complex, and c) Cluster 
displacement of the docked complex (blue and red arrows indicate higher and lower displacements respectively) 
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Figure 11: Dock poses and interactions of stigmasterol with TopoIV; a) 2D and b) 3D 

 
 

 
Figure 12: MDS result depicting residue fluctuation of; a) TopoIV, b) Stigmasterol-TopoIV  docked complex, and c) Cluster 
displacement of the docked complex (blue and red arrows indicate higher and lower displacements respectively) 
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  The ADMET prediction results of stigmasterol and 
4,4-dimethylcyclohex-2-en-1-ol are shown in Table 6. 
Stigmasterol was predicted to be poorly soluble with low 
gastrointestinal absorption in addition to being a non-
substrate but a P-glycoprotein inhibitor. Moreover, it has 
lipophilicity, water solubility, and skin permeation values 
of 6.98 Log Po/w, -1.82 Log S, and -2.74 cm/s respectively. 
Predictively, stigmasterol have no blood-brain barrier 
permeability (BBB), fraction unbound (Fu) and volume of 
distribution (VD) and central nervous system (CNS) 
permeability of 0.176 log L/kg and -1.691 log PS 
respectively. Additionally, it’s a CYP3A4 substrate and 
CYP2C9 inhibitor with a renal clearance of 0.618 log 
ml/min/kg and a non-renal organic cation transporter 2 
(OCT2) substrate. Furthermore, stigmasterol is neither 

hepatotoxic, carcinogenic, mutagenic, nor, cytotoxic with 
2.35 mol/kg LD50 and low toxicity (class 4).  

For 4,4-dimethylcyclohex-2-en-1-ol, it is a 
moderately soluble compound with high gastrointestinal 
absorption and neither substrate nor inhibitor of the 
glycoproteins though it has lipophilicity, water solubility, 
and skin sensation of 3.90 Log Po/w, -4.47 Log S, and -4.81 
cm/s respectively. Furthermore, it is BBB permeant with 
VD, Fu, and CNS permeability of 0.553 L/kg, 0.177, and -
2.23 log PS, respectively. However, it is a CYP2D6, 
CYP3A4, and renal OCT2 substrate and CYP2D6 
inhibitor with a total clearance of 0.061 log ml/min/kg. 
Moreover, it is neither hepatotoxic, carcinogenic, 
mutagenic, nor cytotoxic but skin sensible with LD50 of 
2.11 mol/kg.

 
Table 6: ADMET predictions of stigmasterol and 4,4-Dimethylcyclohex-2-en-1-ol 

 

Parameters Stigmasterol 
4,4-

Dimethylcyclohex-2-en-1-
ol 

Absorption 

Lipophilicity (consensus Log Po/w) 6.98 3.90 
Water solubility (consensus Log S) -1.82 -4.47 
Solubility class Poorly soluble Moderately soluble 
GI absorption Low High 
Skin permeation [Log Kp (cm/s)] -2.74 -4.81 
P-glycoprotein substrate No No 
P-glycoprotein I inhibitor Yes No 
P-glycoprotein II inhibitor Yes No 

Distribution 

The volume of distribution (log L/kg) 0.176 0.553 
Fraction unbound 0 0.177 
BBB permeability No Yes 
CNS permeability (log PS) -1.691 -2.23 

Metabolism 

CYP1A2 inhibitor No No 
CYP2D6 substrate No Yes 
CYP3A4 substrate Yes Yes 
CYP2C19 inhibitor No No 
CYP2C9 inhibitor Yes No 
CYP2D6 inhibitor No Yes 
CYP3A4 inhibitor No No 

Excretion Total clearance (log ml/min/kg) 0.618 0.061 
Renal OCT2 substrate No No 

Toxicity 

LD50 (mol/kg) 2.35 2.11 
Toxicity Class 4 4 
Hepatotoxicity No No 
Skin Sensitisation No Yes 
Carcinogenicity No No 
Mutagenicity No No 
Cytotoxicity No No 
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  The oral bioavailability radar of stigmasterol and 4,4-
dimethylcyclohex-2-en-1-ol is presented in Figure 13 
depicting its drug-like properties. Although the size, 
flexibility (FLEX), insaturation (INSATU), and polarity 
(POLAR) are within the accepted range, lipophilicity 
(LIPO) and insolubility (INSOLU) were out of range. 
However, the oral bioavailability radar of 4,4-
dimethylcyclohex-2-en-1-ol falls within the acceptable 
pink range as shown in Figure 13.  

The drug-likeness and medicinal chemistry of 
stigmasterol and 4,4-Dimethylcyclohex-2-en-1-ol are 

presented in Table 7. A bioavailability score of 0.55 was 
predicted for stigmasterol with single violations of 
Lipinski’s and Verber rules though without any Egan 
violation. Although no PAINS alert was predicted, there 
were two lead-likeness violations with a synthetic 
accessibility of 6.21. For 4,4-dimethylcyclohex-2-en-1-ol, 
it has the same bioavailability score (0.55) as stigmasterol 
with neither violation of Lipinski’s rule, Egan rule, nor 
Veber’s rule, and PAINS alert, however, one lead likeness 
violation and 2.93 synthetic accessibility were observed.  

 
 
 

 
Figure 13: Oral bioavailability radars showing the LIPO (lipophilicity), flexibility (FLEX), insaturation (INSATU), and 
insolubility (INSOLU) of; A) Stigmasterol and B) 4,4-Dimethylcyclohex-2-en-1-ol 

 
 

Table 7. Drug-likeness and medicinal chemistry of compounds stigmasterol and 4,4-Dimethylcyclohex-2-en-1-ol 
 

Parameters Stigmasterol 4,4-Dimethylcyclohex-
2-en-1-ol 

Druglikeness 

Lipinski Yes; 1 violation: 
MLOGP>4.15 Yes; 0 violation 

Egan Yes Yes 

Veber No; 1 violation: 
WLOGP>5.88 Yes 

Bioavailability score 0.55 0.55 

Medicinal 
chemistry 

PAINS 0 alert 0 alert 

Lead likeness No; 2 violations: MW>350, 
XLOGP3>3.5 

No; 1 violation: 
XLOGP3>3.5 

Synthetic accessibility 6.21 2.93 
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  Discussion 
 
In the present study, the binding energy and interaction of 
identified compounds in XA with antimicrobial targets 
were investigated to determine the inhibitory potential of 
the compounds. The targets were selected due to their roles 
in the survival of bacterial cells via replication and 
metabolism of important metabolites. The FabI enzyme 
catalyzes the elongation step during fatty acid synthesis 
requiring NADH and NADPH as cofactors and, thus, a 
target for antibacterial therapeutics (Hopf et al., 2022). 
Stigmasterol interaction with FabI with low BA and Ki in 
the present study might demonstrate inhibition of the 
enzyme due to high affinity for the ligand, further revealed 
by the MDS with the several residue displacements within 
the protein structure. The last stage of bacterial cell wall 
synthesis (peptidoglycan) is catalyzed by PBP2X vital for 
the maintenance of cellular integrity, growth, and survival 
(Schweizer et al., 2014). PBP2X is a target of the 
antibacterial class of drugs β-lactams though resistance to 
drugs is possible by the lactamase enzymes produced by 
bacteria, which inactivate the enzymes (Peters et al., 
2021). In our study, stigmasterol showed the most 
favorable docking with PBP2X with least BA and Ki, 
furthermore, the MDS showed several residue 
fluctuations, a possible inhibition of enzyme activity by 
stigmasterol.   

DHFR is crucial to bacterial replication and survival 
due to its role in folate synthesis (Cao et al., 2018). It 
catalyzes the synthesis of (6s)-5,6,7,8-tetrahydrofolate 
(essential enzyme for DNA synthesis) from 7,8-
dihydrofolate by reduction requiring NADH for the 
hydride transfer (Askari & Krajinovic, 2010; Cao et al., 
2018). This enzyme is thus, a target of antibacterial drugs 
due to its absence in humans. Stigmasterol showed a 
favorable docked pose within the binding pocket of the 
enzyme with a low BA and Ki, possibly disrupting its 
activity due to its high affinity for the ligand. This is further 
supported by the MDS result which revealed fluctuations 
of the residues and cluster displacement depicting the 
flexibility of the formed complex. DHPS is another crucial 
enzyme required for the folate required for DNA synthesis, 
thus, an antibacterial drug target for the sulfonamides 
(Griffith et al., 2018). Specifically, it catalyzes the 
synthesis of 7,8-dihydropteroate (the substrate for DHFR) 
from 6-hydroxymethyl-7,8-dihydropteridine 
pyrophosphate and para-aminobenzoic acid (PABA) via 
condensation (Satuluri et al., 2020). In our study, 
stigmasterol also exhibited inhibitory potential against 
DHFR revealed by the docking interactions and low BA 
and Ki demonstrated by the docked complex. Furthermore, 
the MDS of the docked complex showed flexibility 

depicted by the hinge regions due to residue 
displacements.  

MurA is a vital enzyme of peptidoglycan synthesis 
catalyzing the first committed step, the enolpyruvate group 
transfer from phosphoenolpyruvate to UDP-N-
acetylglucosamine yielding UDP-N-acetylglucosamine 
enolpyruvate (de Oliveira et al., 2022; Hrast et al., 2014). 
Thus, an antibacterial target by its inhibitors like 
fosfomycin, covalently binding and inactivating the 
enzyme (de Oliveira et al., 2022). Stigmasterol also 
exhibited stable docking interaction with this enzyme with 
low BA and Ki possibly inhibiting its activity attributed to 
the high affinity for the ligand. Additionally, the MDS 
result showed several hinges regions depicting flexibility 
within the enzyme structure and cluster displacement at 
both peptide terminals, a possible disruption of its tertiary 
structure and activity. TopoIV is another vital bacterial 
enzyme involved in DNA synthesis during template 
separation and subsequent segregation of the daughter 
chromosomes (Helgesen et al., 2021). Therefore, it is a 
target for the antibacterial drugs fluoroquinolones, which 
decrease the rate of DNA synthesis and replication, 
generating double breaks leading to cell death (Hooper & 
Jacoby, 2016). Stigmasterol also showed promising 
antibacterial potential via inhibition of this enzyme due to 
the higher affinity of the enzyme for the ligand evidenced 
by the low BA and Ki interaction. Moreover, the MDS 
result also supports its potential due to the cluster 
movement and residue fluctuations.  

We further investigated the pharmacological 
properties of stigmasterol and 4,4-dimethylcyclohex-2-en-
1-ol for their ADMET drug-likeness and medicinal 
chemistry. 4,4-dimethylcyclohex-2-en-1-ol exhibited 
superior absorption properties with higher solubility and 
gastrointestinal absorption than stigmasterol, though both 
are not P-glycoprotein substrates. The P-glycoprotein acts 
as a barrier detoxifying the cell by extruding toxins and 
foreign compounds from the cell (Pires et al., 2015). 
Moreover, both compounds are skin permeable as a 
compound with skin permeability >-2.5 cm/h is considered 
permeable (Pires et al., 2015). Moreover, a steady-state 
volume of distribution (VDss) <-0.15 and >0.45 are 
regarded as low and high respectively (Pires et al., 2015). 
The compound with CNS >-2 is regarded as CNS 
penetrant. Stigmasterol has a moderate VDss while 4,4-
Dimethylcyclohex-2-en-1-ol has higher VDss with the 
former being BBB permeable while the former has higher 
CNS permeability (Pires et al., 2015). Although both 
compounds are of the same toxicity class, 4,4-
dimethylcyclohex-2-en-1-ol has skin sensation with lower 
LD50. Furthermore, the oral bioavailability showed 4,4-
Dimethylcyclohex-2-en-1-ol demonstrate better drug-
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  likeness than stigmasterol without violations of the 
Lipinski’s, Verber’s, or Egan rule though both compounds 
are without PAINS alerts and lead-likeness. Summarily, 
4,4-dimethylcyclohex-2-en-1-ol exhibited better 
pharmacological properties than stigmasterol.  
 
Conclusion 

In the present study, the antibacterial potential of the 
compounds identified in XA from our previous study was 
explored via molecular docking and molecular dynamics 
study. Furthermore, we explored the possibility of 
applying the top-docked compound as an antibacterial 
drug via its ADMET, lead-likeness, and medicinal 
properties. Stigmasterol exhibited the most favorable 
interaction with all the tested targets demonstrating the 
least BA and Ki among the compounds. In terms of drug-
likeness, 4,4-dimethylcyclohex-2-en-1-ol showed good 
antibacterial potential with better drug and lead likeness 
than stigmasterol. Although stigmasterol has inferior drug 
and lead likeness properties, it exhibited better binding 
properties with all the enzymes, thus, structural 
modification might improve its weakness. Conclusively, 
stigmasterol and 4,4-dimethylcyclohex-2-en-1-ol might be 
responsible for the antibacterial effect of XA.  
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