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	 Enterobacter huaxiensis, a novel gram-negative bacterium of the family 
Enterobacteriaceae, was recovered from the blood of the patients at West China Hospital. The 
present study aims to predict potential lead molecules against the identified virulence-associated 
antibiotic-resistant protein for drug designing. Two virulence-associated antibiotic-resistance 
proteins belonging to the OqxAB efflux protein family of the RND superfamily were identified 
in the pathogen using bioinformatics tools/databases. Based on the structure prediction 
by homology modeling and validations, the RND transporter permease subunit, OqxB was 
selected as the potential target for lead identification. The binding pocket of the target protein 
was calculated using CASTp. A total of 204 phytochemicals were screened virtually to obtain 
compounds that had better binding affinity, drug-likeness and pharmacokinetic potential to 
be used as safe ligands against the target protein. Among these, Chrysoeriol, Isopimaric acid, 
Baicalein and Biochanin A were found to be within the permissible range of Lipinski rule of 
five for drug-likeness, possessing better ADMET properties, and lower target-protein binding 
energy (less than -8.0 kcal/mol). Ligand-protein docking showed stable non-covalent interactions 
between active site residues and ligands. Thus, these compounds may be considered potential 
inhibitors of the target protein that may inactivate the efflux pump and restore antibiotic 
sensitivity.
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	 Enterobacter huaxiensis is a novel 
gram-negative, motile, non-spore-forming and 
facultative anaerobe that belongs to the family 
Enterobacteriaceae. It was recovered from the 
blood of the patients at West China Hospital, 
Sichuan, PR China in 2017 and found resistant 
to multiple antibiotics.1 Enterobacter is generally 
present as a natural commensal microflora in the 
human gut and is usually not harmful. Few species 
of Enterobacter were reported to cause nosocomial 
infections in humans.2 Enterobacter infections in 
the bloodstream can cause serious consequences, 

such as bacteremia including sepsis, septic shock, 
and meningitis.3 The major causes of Enterobacter 
pathogenesis are associated with virulence 
factors as well as antimicrobial resistance. The 
virulence mechanism enables the microorganism 
to cause disease by evading the host’s immune 
response. Also, antimicrobial resistance hinders 
antimicrobial therapy facilitating the survival of 
microbial pathogens under adverse conditions.4 
Moreover, some antimicrobial resistance factors 
are involved in causing direct virulence in the host.5 
There are reports of drug-resistance and virulence 
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roles of potential drug transporters of RND 
(AcrAB, AcrD and AcrEF system), MFS, MATE 
and ABC superfamilies in Enterobacter cloacae, 
Klebsiella pneumoniae and Salmonella enterica 
serovar Typhimurium and other gram-negative 
bacteria.6-9  The virulence factors and antimicrobial 
resistance are propagated using horizontal transfer 
of genes among different Enterobacter strains.10

	 The efflux pump system is a key mechanism 
of antibiotic resistance in gram-negative bacteria.11 
This system expels antimicrobial agents out of the 
cell. Amongst the six families of bacterial efflux 
pumps, the most clinically significant efflux system 
in gram-negative bacteria belongs to the resistance 
nodulation division (RND) superfamily.12 Efflux 
system of the RND superfamily is composed of 
tripartite protein complexes comprising an inner 
membrane protein (IMP), an outer membrane 
protein (OMP) and a periplasmic adaptor protein 
(PAP).13 AcrAB-TolC in E. coli and MexAB-
OprM in P. aeruginosa were extensively studied 
multidrug resistance RND type efflux protein in 
gram-negative bacteria.14 One of the ways of efflux 
pump inhibition is blocking the pump to avoid 
substrate binding at the active site.15  
	 Natural plants are traditionally used 
worldwide for the treatment of various diseases 
owing to their rich traditional medicinal value. 
People in rural areas mostly rely on natural 
plants for common ailments, such as cough and 
cold, skin disease, gastrointestinal disorders, 
urinary problems, hepatic disease, and many 
others.16,17 About 25% of the most prescribed 
drugs are obtained from plants.18 Thus, plants are 
important resources for the development of new 
drugs. Phytochemicals, extracted from different 
parts of plants, such as roots, stems, leaves, and 
flowers are filtered and modified into a form 
that can successfully be used as antimicrobial 
agents.19 There is evidence that phytochemicals 
such as terpenoids, phenylpropanoids, flavonoids, 
coumarins, sterols, alkaloids, tannins, saponins, and 
polyphenols are biologically active and act as good 
antibacterial agents to combat multiple antibiotic-
resistant bacterial infections.20,21 Moreover, 
phytochemicals are effective anti-oxidants and 
pose fewer side effects than modern-day chemical 
medication.22

	 Computational approaches to screening 
lead compounds facilitate the drug discovery 
process in a time- and cost-effective manner, 
bypassing the hazards of increasingly challenging 
analytical methods.23 Screening of phytochemical 
compounds has progressively become an important 
tool for modern drug discovery programs, 
particularly to combat the expanding antibiotic-
resistant bacteria.24 The in silico methods 
encompass approaches, such as homology or 
another molecular modelling, virtual screening, 
candidate building, docking, pharmacokinetic, 
ADMET and drug likeliness prediction.25 
	 Herein, this study is aimed to (i) identify 
the candidate virulence and antibiotic resistance 
proteins in Enterobacter huaxiensis, and, (ii) screen 
out phytochemicals as the lead compound against 
the selected target protein of E. huaxiensis for future 
development of the drug. The phytochemicals 
are mostly obtained from plants of tropical and 
subtropical distribution and are reported to have 
various medicinal uses. 

Materials and Methods 

Prediction of Virulence Associated proteins
	 The protein-coding genes and their 
corresponding protein sequences of the bacterium 
Enterobacter huaxiensis, were retrieved from 
the NCBI Genome database (https://www.ncbi.
nlm.nih.gov/genome/74721?genome_assembly_
id=431299). The hypothetical proteins were 
discarded from the protein sequence list. From 
this obtained protein sequence list, virulence 
factors (VF) that are likely to be associated with 
pathogenesis in this organism were identified 
using the MP3 tool and virulence factor database 
(VFDB).26,27 The proteins that showed virulence 
by both VFDB and MP3 were further considered 
for analysis.  MP3 (http://metagenomics.iiserb.
ac.in/mp3/index.php) is a tool that uses SVM and 
HMM principles to predict the virulence of a query 
sequence. VFDB (http://www.mgc.ac.cn/VFs/) is 
a pathogenomic platform that provides details on 
virulence factors present in an organism.  
	 Additionally, RGI (Resistance Gene 
Identifier) in CARD (The Comprehensive 
Antibiotic Resistance Database) was used to 
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determine whether the identified virulence factors 
were antibiotic-resistant.28 The CARD (https://card.
mcmaster.ca/) is a resource of resistance genes and 
their associated antibiotics. RGI is a tool in CARD 
for the prediction of antibiotic resistance genes.
Structure Prediction and Validation
	 Homology modeling was performed for 
selected virulence factors using MODELLER 
(version 10.1, release date 12/03/2021, from 
https://salilab.org/modeller/).29 The templates 
for selected proteins were collected from 
RCSB PDB (https://www.rcsb.org/), an online 
repository for crystallographic structures of protein 
macromolecules. The modeled structures were 
validated with Ramachandran Plot, PROCHECK, 
ERRAT, PROVE and other tools from SAVES 
server (https://saves.mbi.ucla.edu/). Loop 
refinement was carried out using an online tool, 
MODLOOP (https://modbase.compbio.ucsf.edu/
modloop/).
Active Site Prediction
	 CASTp (Computed Atlas of Surface 
Topography of Proteins) (http://sts.bioe.uic.edu/
castp/index.html?3igg) is an online platform, which 
was used to predict the binding pocket cavities 
and active site residues, present in the modelled 
proteins.30

Collection of Phytochemicals
	 Phytochemicals, obtained from different 
parts of medicinal plants of tropical and subtropical 
origin were collected through a literature survey. 
Phytochemicals that have different medicinal uses 
including the inhibitory effects on the growth of 
bacteria were listed for the study.31-43

Molecular Docking Study
Protein preparation
	 Using PyMOL 2.4.0, the water molecules 
and other unwanted atoms/ligand molecules 
attached to the protein of interest were manually 
removed.44 Subsequently, the protein was processed 
using AutoDockVina Tools 1.5.6 (http://autodock.
scripps.edu/resources/adt/) and converted into 
“.pdbqt” file format, which could be used for 
molecular docking study.45

Ligand preparation
	 The structures of all the selected 
phytochemicals were retrieved from PubChem 
(https://pubchem.ncbi.nlm.nih.gov/) in “.sdf” 
format. Using PyMOL 2.4.0, these compounds 
were cleaned and converted into “.pdb” format. The 

compounds obtained from PubChem having 2D 
structures were cleaned using MarvinSketch 19.17 
(http://www.chemaxon.com/) and converted into 
a 3D structure format. Those were then converted 
into “.pdb” file format using PyMOL 2.4.0. Finally, 
by using AutoDockVina Tools 1.5.6, compounds 
were processed as per necessary protocols and 
saved in “.pdbqt” file format for further use in 
molecular docking studies. 
Grid Box generation
	 Within AutoDockVina, the active site 
residues obtained from CASTp were selected to 
highlight portions of the protein where the ligand 
is to be bound. Accordingly, a grid box is generated 
(with a default spacing of 0.375 Å) in such a way 
that it covers the entire portion of all the binding 
cavities within the protein, and the coordinates are 
noted.  
Docking and Binding Energy analysis
	 AutoDockVina 1.5.6 (https://vina.scripps.
edu/) is based on the iterated local search global 
optimizer algorithm, which uses the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) method, 
an efficient quasi-Newton method for local 
optimization. The molecular docking study was 
performed with an exhaustiveness factor set to 
100, to minimize any possibility of residues being 
left out. After each prepared phytochemical was 
docked with the prepared protein, the respective 
conformation file was generated in “.pdbqt” file 
format and was considered for further analysis. The 
log file, corresponding to the same containing the 
molecular docking score was generated in “.txt” 
file format.
Prediction of ADMET properties
	 Absorption, Distribution, Metabolism, 
Excretion, and Toxicity (ADMET) properties 
were predicted for the selected phytochemicals 
having the best docking scores. This was done 
using the pkCSM webserver (http://biosig.unimelb.
edu.au/pkcsm/) as well as the Swiss-ADME 
webserver (http://www.swissadme.ch/) for better 
interpretation of results. 
Protein-ligand interaction analysis
	 The conformation files of top-scoring 
phytochemicals, obtained from the molecular 
docking study were opened using PyMOL and were 
made to complex with the respective target protein. 
The complex of ligand and protein was saved in 
“.pdb” file format. The protein-ligand interactions 
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of the complexes were then analyzed, using the 
Protein-Ligand Interaction Profiler (PLIP) web 
server (https://plip-tool.biotec.tu-dresden.de/plip-
web/plip/index). PLIP uses a four-step algorithm 
for the detection and visualization of relevant 
interactions between ligands and receptors and 
provides a text file containing all details regarding 
various types of interaction and the exact sites of 
their occurrence.46

Results

Identification of virulence- associated target 
proteins 
	 The Enterobacter huaxiensis genome 
comprises 4401 annotated protein-coding genes 
(data collated in July 2021). The annotated dataset 
was explored for putative virulence factors using 
the MP3 tool and VFDB.  A total of 1166 proteins 
were predicted as virulence factors using the MP3 
tool and about 113 proteins showed significant 
hits to the virulence factor database (VFDB). The 
datasets obtained using the MP3 tool and VFDB 
were then compared. About 43 virulent proteins 
were found in both datasets and were listed for 
further study. Moreover, the primary dataset of 4401 
annotated proteins was searched for antimicrobial 
resistance using RGI from CARD. A total of 
21 proteins exhibited antimicrobial resistance 
properties and were listed for the study. These 
datasets of virulence and antimicrobial resistance 
proteins were compared to screen out the proteins 
that have roles both in virulence and antimicrobial 
resistance. Amongst these, two proteins were 
found in both datasets indicating virulence and 

antimicrobial resistance activities (Fig 1). Table 1 
shows that these proteins are efflux pump proteins 
that belong to the RND superfamily and exercise 
resistance via the antibiotic efflux mechanism. 
Homology searching was carried out to confirm 
that these proteins had no human homologs, and 
were selected for structure prediction.
Structure prediction and validation
	 Homology modeling of the selected RND 
efflux proteins of   E. huaxiensis was constructed 
using templates obtained from the Protein Data 
Bank (PDB).  Two templates were selected for the 
two proteins based on the sequence identity and 
significant e-value (Table 2). Sequence identity 
above 30% is a relatively good predictor of the 

Table 1. List of virulence-associated antibiotic-resistant proteins and functions

ORF_ID	 Length	 Function	 Drug Class	 Resistance 	 AMR Gene 
				    Mechanism	 Family

WP_119934747.1	 1051	 Multidrug efflux 	 Fluoroquinolone; 	 Antibiotic 	 Resistance-
		  RND transporter 	 Tetracycline 	 efflux	 nodulation cell 
		  permease subunit, 	 antibiotics.		  division (RND) 
		  OqxB			   antibiotic efflux 
					     pump	
WP_119934748.1	 391	 efflux RND 	 Fluoroquinolone; 	 Antibiotic 	 Resistance-
		  transporter 	 Glycylcycline; 	 efflux	 nodulation cell 
		  periplasmic 	 Tetracycline; 		  division (RND) 
		  adaptor subunit, 	 Diaminopyrimidine; 		  antibiotic efflux 
		  OqxA	 Nitrofuran.		  pump

Fig. 1. Selection of virulent-associated antibiotic-
resistance proteins 
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Table 2. Template selection for Homology Modeling of the protein

Virulent 	 Length	 PDB ID of 	 Query 	 Percent 	 E-value	 Protein 	 Organism 
Factor 		  template, 	 cover	 Identity		  details	 name	
(Accession 		  chain
number)

WP_119934747.1	 1051	 5LQ3, 	 98%	 40.62%	 0.0	 Structure and 	 Campylobacter 
		  A chain				    transport dynamics 	 jejuni
						      of the multidrug 
						      efflux pump.
WP_119934748.1	 391	 5V5S,	 97%	 33.51%	 1e-49	 Multi-drug efflux; 	 Escherichia 
		  D chain				    Membrane 	 coli	
						      transport; RND 
						      superfamily; 
						      Drug resistance

Fig. 2. Homology modeled structure of the selected target protein

expected accuracy of a model.47 It was found that a 
multi-drug resistant efflux pump of Campylobacter 
jejuni (5LQ3) showed 40.62% sequence identity 
and e-value 0.0 with efflux RND transporter 
permease subunit, OqxB (WP_119934747.1). 
Similarly, an RND-membrane transport multi-
drug efflux pump of Escherichia coli (5V5S) 
showed 33.51% sequence identity and e-value 
1e-49 with efflux RND transporter periplasmic 
adaptor subunit, OqxA (WP_119934748.1). In the 
present study, the template (5LQ3) with higher 
sequence identity and e-value score was selected 
as the target protein for further analysis. This 
template was used to build a homology model of 
efflux RND transporter permease subunit, OqxB 
(WP_119934747.1). The 3D structure of the target 
efflux protein was constructed using homology 

modeling and Loop refinement was carried out by 
MODLOOP (Fig 2). 
	 The structure was validated using 
Ramachandran Plot that evaluate dihedral angles- 
phi (x) and psi (Ø) of amino acid residues to predict 
the allowed and disallowed conformations of the 
target protein structure. The plot indicated 92.3% 
residues in the most favored regions, 6.5% residues 
in the allowed region and none of the residues in 
the disallowed region. The homology modeling 
was further verified using ERRAT, PROCHECK, 
PROVE, and other tools from SAVES server. 
ERRAT scored the overall quality factor for non-
bonded atomic interaction, giving a score of 76.385 
which represents the credibility and high quality 
of the predicted model. PROCHECK verified the 
deviations of main chain parameters like peptide 
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Table 3. List of selected phytochemicals, sources, and chemical descriptions

Phytochemical	 PubChem ID	 Property	 Source	 Chemical structure

Chrysoeriol 	 CID 	 4',5,7-trihydroxy-	 Plectranthus 	
(L1)	 5280666	 3'-methoxyflavone	 glandulosus

Isopimaric 	 CID442048	 Diterpenoid	  Pinus brutica 	
acid (L2)			   var. eldarica

Baicalein	 CID 	 Trihydroxyflavone	 Thymus vulgaris 	
 (L3)	 5281605		  & Scutellaria 
			   baicalensis	

Biochanin	 CID  	 Hydroxyisoflavone	 Lupinus 	
_A(L4)	 5280373		  argenteus

bond planarity, non-bonded interactions, Cá 
tetrahedral distortion, main chain hydrogen bond 
energy, and overall G factor from the template 
lie within the favorable range. PROVE verified 
the deviations of the atomic volumes (Z-score 
RMS) from the standard that decreases as the 
resolution improves reflecting the accuracy of the 
model. Figure 3 shows the structure validation by 
Ramachandran plot, PROCHECK and ERRAT 
programs. Further, the superimposition of the target 
protein with the template predicted the RMSD 
value of 0.169 Å indicating that the modeled target 
structure was reliable. 
Identification of binding pocket of virulent 
factor
	 CASTp 3.0 was used for an analysis of 
the ligand binding pocket of the predicted target 
protein. A 1.4 Å radius probe of the internal cavity 
surface volume of the ligand binding pocket was 
calculated. The binding pocket was  large with 
a surface area of 4052.809 sq. +! and volume 

4662.109 cubic +!. PyMOL was used to analyze 
the results obtained through CASTp so the active 
sites could be better understood. Upon thorough 
examination, it was found that the binding pocket 
contains several hydrophobic, aromatic and 
hydrophilic residues (P52, V83, V91, P136, L624, 
F669, I671, I832, G833, G684, F626, P630, L758, 
G589, G759, Y79, Y688, Y278, T93, K585, T632, 
S683, D834, E588, N628, Q755, Q778, S86, D87, 
N631, S760, Q778, D818, D867) to which ligands 
can potentially bind.
Virtual screening of phytochemicals
	 A dataset of 204 phytochemicals obtained 
from 42 plant species were listed for the present 
study (Table S1). These phytochemicals belong 
to various classes, such as indoles, steroids, 
organic acids, phenols, benzoates, flavonoids, 
alkaloids, alkanes, terpenoids etc. compounds. 
The listed phytochemicals were subjected to a 
virtual screening protocol to select the druggable 
compounds. Identification of target protein structure 
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Table 4. Physicochemical properties of selected phytochemicals

Phytochemical	 Mol wt 	 LogP	 HBA	 HBD	 RB	 TPSA (Å2)	 Lipinski 	 Veber’s 	 Ghose 
	 (g/mol)						      rule of 	 rule of 	 filter 
							       violation	 violation	 violation

Chrysoeriol	 300.26	 2.58	 6	 3	 2	 100.13	 0	 0	 0
Isopimaric acid	 302.45	 5.20	 1	 1	 2	 37.3	 1	 0	 0
Baicalein	 270.24	 2.57	 5	 3	 1	 90.90	 0	 0	 0
Biochanin A	 284.26	 2.87	 5	 2	 2	 79.90	 0	 0	 0

HBA= H-bond acceptor, HBD= H-bond donor, RB= Rotatable bond, TPSA=Topological Polar Surface Area

Table 5. Pharmacokinetic properties of selected phytochemicals

ADMET	 Parameters	 Chrysoeriol	 Isopimaric 	 Baicalein	 Biochanin A
			   acid

Water 	 ESOL Class	 Moderately 	 Moderately 	 Moderately 	 Soluble
Solubility		  Soluble	 Soluble	 Soluble
	 Ali Class	 Moderately 	 Moderately 	 Moderately 	 Moderately 
		  Soluble	 Soluble	 Soluble	 Soluble
	 Silicos-IT class	 Moderately 	  Soluble	 Moderately 	 Moderately 
		  Soluble		  Soluble	 Soluble
Absorption	 GI absorption	 High	 High	 High	 High
	 Skin permeability 	 -5.93	 -4.38	 -5.7	 -5.91
	 LogKp (cm/s)
Distribution	 BBB permeability	 No	 Yes	 No	 No
	 Pgp substrate	 No	 No	 No	 No
Metabolism	 CYP1A2 inhibitor	 Yes	 No	 Yes	 Yes
	 CYP2C19 inhibitor	 Yes	 Yes	 No	 No
	 CYP2C9 inhibitor	 No	 Yes	 No	 No
	 CYP2D6 inhibitor	 Yes	 No	 Yes	 Yes
	 CYP3A4 inhibition	 Yes	 No	 Yes	 Yes
Excretion	 CLtot     (log ml/min/kg)	 0.597	 0.717	 0.252	 0.247
Toxicity	 LD50 (mol/kg) 	 2.337	 1.881	 2.325	 1.851
	 Mutagenicity 	 No	 No	 No	 No
	 Hepatotoxicity	 No	 No	 No	 No

Table 6. Binding energy and interactions between selected phytochemicals and target protein binding 
pocket

Ligand	 Binding )	 RMSD	                                           Interacting Residues
	 Energy 
	 (kcal/mol		  Hydrophobic 	 Hydrogen Bonds
			   Interactions

Chrysoeriol	 -8.8	 0.0	 Y79, V83, V91, T93	 Q46, K81, Y688
Isopimaric acid	 -8.8	 0.0	 K81, V91, T93, P136, F626	 -
Baicalein	 -8.3	 0.0	 V83, V91, T93, P136	 Y79, Y688, D867
Biochanin A	 -8.3	 0.0	 K585, L624, F669, I671, I832,	 T632, G833
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Fig. 3. Structure validation of the target modeled protein. (A) Ramachandran plot showing 92.8% residues in the 
allowed region; (B) PROCHECK validation plot for main chain parameters (C) ERRAT quality Check with an 

overall quality factor 76.385

and binding pocket helps in the identification 
of potent lead molecules through ligand-protein 
interaction.48 The phytochemicals were docked 
against the target protein as the first phase of the 
selection filter. The ligands with higher binding 
affinity for the target protein were considered for 
further analysis. About 73 phytochemicals with 
binding energy less than -8 kcal/mol were selected 
for the next phase of screening. The threshold 
was selected based on the previously reported 
RND efflux pump inhibitor.49 These compounds 
were tested for Lipinski’s rule of five (Ro5) for 

drug-likeness. According to Ro5, a compound 
is an orally active drug if its physicochemical 
properties lie within the established range with no 
more than one violation (molecular weight d”500 
Da, hydrogen bond donors d” 5, hydrogen bond 
acceptors d”10, and an octanol-water partition 
coefficient LogP d” 5).50 The compounds were also 
tested for Veber’s rule and Ghose filter violations 
to select the compounds with druggable properties. 
Veber’s rule states that a good oral bioavailable 
compound should have number of rotatable bonds 
d”10 and topological polar surface area d”140 sq 
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Fig. 4. Virtual screening workflow for identification of potential phytochemical inhibitors of the Efflux RND 
transporter permease subunit, OqxB protein of E. huaxiensis

Å.51 Ghose filter defines that a drug-like compound 
possesses parameters, such as LogP in between 
5.6 and -0.4, molecular weight in between 480 
and 160, molar refractivity in between 130 and 
40, and total number of atoms in between 70 and 
20.52 Out of 73 compounds, 28 were selected based 
on the screening through Ro5, Viber’s rule and 
Ghose filter. These phytochemicals were further 
subjected to ADMET analysis. ADMET-based drug 
screening is the crucial and most important step in 
drug discovery to identify the compounds that have 
biochemical properties safe for a clinical trial. The 
compounds with no toxigenicity, mutagenicity, 
and carcinogenicity are considered safe drug 

candidates. Moreover, these compounds were also 
tested for their water solubility, gastrointestinal 
(GI) absorption, P-glycoprotein substrate, Blood-
Brain Barrier (BBB) permeability, and cytochrome 
P450 metabolism. The ADMET analysis finally 
screened out four compounds, selected as the 
lead (L1-L4) for the target efflux protein of E. 
huaxiensis (Table 3). Figure 4 shows the virtual 
screening flow of the study.
Drug-likeness and pharmacokinetic parameters
	 Table 4 shows the physicochemical 
parameters of drug-likeness properties of the 
selected compounds. According to the result, 
compounds L1, L3, and L4 showed no violation 
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of Lipinski’s rule of five, Veber’s rule, and Ghose 
filter. The compound, L2 showed one violation 
of the Lipinski rule filter. The pharmacokinetic 
properties of the selected compounds were analyzed 
by ADMET parameters (Table 5). According to the 
result, the water solubility of the compounds ranges 
from moderately soluble to soluble according to 
the three solubility classes. GI absorption was 
high for all compounds and the LogKp  value 
for skin permeability varied between -4.38 to 
-5.93. L3 was the only compound that was BBB 
permeable. All four compounds were non-substrate 
of P-glycoproteins (Pgp). All compounds, except 
L2, were inhibitors of cytochrome P450 enzyme 
isoforms, CYT1A2, CYT2D6 and CYT3A4. L2 
inhibited CYT2C19 and CYT2C9 isoforms only.  
The total clearance (CLtot) value of the compounds 
fell between the range of 0.247 to 0.717. The range 
of LD50 toxicity was between 1.851 to 2.337. The 

compounds were predicted to be non-mutagenic 
and non-hepatotoxic.
Interaction of E. huaxiensis target protein with 
selected ligands
	 Table 6 displays the 2D chemical 
structures of the top 4 phytochemical ligands 
(L1-L4) of E. huaxiensis efflux protein. Based 
on PubChem classification, L1, L3, and L4 are 
flavonoids and L2 is a terpenoid. 
	 Phytochemical L1 (Chrysoeriol) is a 
4,5,7-trihydroxy-3'-methoxyflavone, produced 
by the herb, Plectranthus glandulosus.  In plants, 
flavonoids act as defense chemicals.53 It also 
possesses several medicinal uses in humans.54 
In the study, the docking score of Chrysoeriol 
with the specific target was -8.8 kcal/mol. In the 
ligand-protein complex, three hydroxyl groups of 
the compound showed interactions with Q46, K81, 
and Y688 residues by the hydrogen bonds. Ligand 

Fig. 5. Binding mode and chemical interactions of best four ligands (A) Chrysoeriol (B) Isopimaric acid (C) 
Baicalein and (D) Biochanin A with active site residues of binding pockets
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binding was further stabilized by the hydrophobic 
interactions with active site residues (Fig 5, Table 
6).
	 Phytochemical L2 (Isopimaric acid) is 
a diterpenoid (a carbotricyclic compound and a 
monocarboxylic acid), produced by the plant, 
Pinus brutia var. eldarica. It acts as an ionophore 
in plants by increasing the permeability of specific 
ions through biological membranes. In humans, it 
exhibits diverse pharmacological activities.55 The 
ligand-protein binding energy of Isopimaric acid 
in this study was -8.8 kcal/mol. H-bond interaction 
was absent. Ligand binding was dominated by 
hydrophobic interactions with the binding site 
residues (Fig 5, Table 6).
	 Phytochemical L3 (Baicalein) is a 
5,6,7-trihydroxyflavon, a plant metabolite that 
has several medicinal uses in prostate cancer, 
Alzheimer’s disease, and dementias, and acts as 
an antioxidant, anti-inflammatory, antineoplastic, 
antibacterial, and antifungal agents.56 It was first 
isolated from the leaves of Thymus vulgaris (garden 
thyme) and roots of Scutellaria baicalensis.57 
The target protein binding energy of Baicalein 
in the study was -8.3 kcal/mol. In the protein-
ligand complex, the two hydroxyl groups of the 
compound interact with the residues Y79, Y688, 
and D867. Ligand binding further engaged several 
hydrophobic interactions with binding pocket 
residues (Fig 5, Table 6).
	 Phytochemical L4 (Biochanin A) is a 
5,7-dihydroxy-4-methoxyisoflavone found in the 
plant, Lupinus argenteus. It is a phytoestrogen and 
has putative benefits in dietary cancer prophylaxis. 
The ligand-protein binding energy was -8.3 kcal/
mol. The hydroxy groups generated H-bonds with 
T632 and G833 of the active site residues. The 
ligand-protein complex was engaged in several 
hydrophobic bonds with active site residues (Fig 
5 and Table 6).

Discussion

	 Enterobacter huaxiensis is a novel gram-
negative bacterium, recovered from the blood 
of the infected patients at West China Hospital. 
In the last few decades, this genus has gained 
clinical importance as a nosocomial pathogen.1 
E. huaxiensis exhibits resistance to multiple 
antibiotics.1 A total of 4401 annotated protein-

coding genes of E. huaxiensis were searched for 
virulence-associated and antibiotic-resistance 
proteins using the VFBD database, MP3 tool, 
and CARD database, respectively.  Two proteins 
were identified as possessing both properties 
of conferring virulence as well as exhibiting 
antibiotic resistance. The proteins belonged to the 
OqxAB efflux pump of the RND superfamily, one 
with multidrug efflux RND transporter permease 
subunit, OqxB (WP_119934747.1), and the other 
with efflux RND transporter periplasmic adaptor 
subunit, OqxA (WP_119934748.1). Homology-
modeled structures of the selected proteins were 
prepared and structures were validated. Templates 
with sequence identity above 30% were used for 
the expected accuracy of the model.57 However, 
based on the higher percentage identity of the 
template, the multidrug efflux RND transporter 
permease subunit, OqxB (WP_119934747.1) was 
finally selected as the target protein for further 
study. OqxB is an inner membrane protein of the 
OqxAB efflux pump of the RND superfamily and 
is homologous to efflux pumps of the RND family 
in other bacterial species (AcrB, MexB, CmeB 
AdeB, and MtrD).58 OqxAB is a chromosome 
and/or plasmid-encoded multidrug efflux pump 
that is flanked by a transposable element (IS26), 
which facilitates the dissemination of antimicrobial 
resistance via horizontal transfer.54 Ramachandran 
Plot showed that >90% of residues of the modeled 
structure fell in the favored region, which is 
considered to be the measure of a good quality 
model (Fig 1).59 The prediction of binding pockets 
of the modeled structure was calculated using 
CASTp. The binding pocket is large with several 
active site residues predominated by Pro, Gly, Leu, 
Val, Phe, Tyr, Thr, Ser, Asp, and Gln.
	 A total of 204 phytochemicals belonging 
to various chemical classes were obtained from 
different plants of tropical and subtropical 
distribution (Table S1). The phytochemicals were 
screened through a virtual screening protocol to 
obtain probable ligands for the target protein of 
E. huaxiensis (Fig 3). Virtual screening method 
of phytochemicals predicted four ligands that 
include Chrysoeriol, Isopimaric acid, Baicalein, 
and Biochanin A. Among these, Chrysoeriol, 
Baicalein, and Biochanin A belong to the class 
flavonoid and Isopimaric acid is a terpenoid. The 
docking score or binding energy is a function of the 
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binding affinity of the ligand to the target protein. 
The lower binding energy indicates a higher affinity 
for ligand-protein binding. In the present study, 
the ligands exhibit binding energy lower than the 
threshold (less than -8.0 kcal/mol) (Table 5). This 
indicates higher binding affinity of the ligands 
with the binding pocket active site residues of the 
target. The interactions of the ligands with active 
site residues significantly affect the activity of 
the target protein and result in inhibition of their 
activity. 
	 A compound may be considered a 
potential candidate drug if it possesses drug-
like properties and optimal pharmacokinetic 
characteristics. In the present study, the ligands 
were tested for drug-likeness and pharmacokinetic 
properties, by using pkCSM ADMET and Swiss-
ADME web servers. All the compounds were 
considered drug-like, having parameters within 
the range established by Lipinski’s rule of five 
(Ro5), Veber’s rule, and Ghose filter along with 
violations (Table 4).50-52 The greater LogP value 
of Isopimaric acid indicates its lipophilic property 
implying that the compound can diffuse through 
the cell membrane to be bioavailable. Solubility 
is that physiochemical property that determines 
the absorption, distribution, and formulation of 
the drug.60 In this study, all compounds were 
water-soluble.  GI absorption is an important 
criterion for an oral drug because the primary 
site of absorption of orally administered drugs 
is the GI tract.61 The four compounds in the 
present study were found to be well-absorbed by 
the GI tract. Skin permeability is the predictor 
of transdermal delivery of drugs. It depends on 
the linear correlation with molecular size and 
lipophilicity. The more negative the LogK

p
 value, 

the less skin permeant the molecule.61 In the present 
study, Chrysoeriol, Baicalein, and Biochanin A had 
higher negative LogK

p
 values and were less skin 

permeant than Isopimaric acid. BBB permeability 
indicates the property of a drug to cross the Blood-
Brain Barrier and produce side effects.  However, 
it also improves the efficacy of the drugs which 
show their pharmacological activities within the 
brain.60 In the present study, only Isopimaric acid 
had BBB permeability. This might be correlated to 
the lipophilic property of the drug.62 P-glycoprotein 
(Pgp) is an important ABC-binding cassette (ABC) 
transporter prominent in the GI wall and brain that 

extrudes toxins and xenobiotics out of the cell 
and determines the distribution of the compounds 
within the body.60 In the present study, all ligands 
were non-substrates of Pgp. Cytochrome P450 
is an important enzyme, present mainly in the 
liver. It helps in the detoxification and oxidation 
of drugs to facilitate their excretion. However, 
many drugs are deactivated by cytochrome P450 
enzyme, while some drugs are also activated 
by them. Among others, two main isoforms, 
CYP2D6 and CYT3A4 are responsible for drug 
metabolism.60 The inhibitors of Cytochrome P450 
enzyme thus play a dramatic role in altering the 
pharmacokinetic properties of those drugs. In 
this study, all compounds except Isopimaric acid 
are inhibitors of CYP2D6 and CYT3A4. These 
compounds inhibit the enzymes that metabolize 
the drugs causing inactivation, in addition to the 
potential to increase drug levels in the blood and 
cause adverse drug reactions.62 Chrysoeriol inhibits 
most of the cytochrome P450 enzyme isoforms. 
Regarding overall clearance of the drug, Isopimaric 
acid and Chrysoeriol have better total clearance 
rates indicating a lower risk of accumulation and 
toxicity.60 Based on the LD50 value, Isopimaric 
acid, and Biochanin A have toxicities higher 
than other compounds and their safety requires 
evaluation.62 The compounds under study have no 
mutagenic/ carcinogenic potential based on the 
Ames test observation and do not associate with 
drug-induced liver injury which is considered as 
the major safety concern for drug development.62 
	

Conclusion

	 In summary, two multidrug efflux RND 
transporter proteins, one with permease OqxB and 
the other with adaptor subunit, OqxA were identified 
as virulent-associated antibiotic-resistance proteins 
in Enterobacter huaxiensis, a novel bacterium of 
family Enterobacteriaceae that was recovered from 
the blood of the patients at West China Hospital in 
2017. Based on structure prediction and validation 
of the identified proteins, multidrug efflux RND 
transporter permease subunit, OqxB was selected as 
the potential target for lead development. A total of 
204 phytochemicals acquired from different plant 
sources were virtually screened to obtain putative 
ligands. The binding affinity, physicochemical, 
and pharmacokinetic filters were applied to all 
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phytochemicals to select druggable compounds. 
Four phytochemicals (Chrysoeriol, Isopimaric 
acid, Baicalein, and Biochanin A) demonstrated 
drug-like properties that were allowed by Lipinski’s 
rule of five, Veber’s rule and Ghose filter, and 
exhibited better ADMET characteristics. These 
compounds have higher ligand-protein binding 
affinity, exhibiting stable non-covalent interactions 
with the active site residues in binding pockets of 
target protein. Hence, these four compounds can 
be considered as the potential inhibitors of efflux 
RND transporter permease subunit, OqxB that may 
inactivate RND efflux and rejuvenate the sensitivity 
of the antibiotics.15 However, in vitro and in vivo 
experimental validations are required before 
consideration of these compounds as potential 
drugs for human administration.
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