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Abstract: Acinetobacter baumannii (A. baumannii) is one of the major representative aetiologies of
recalcitrant nosocomial infections. Genotypic and phenotypic alterations in A. baumannii have
resulted in a significant surge in multidrug resistance (MDR). Of all the factors responsible for
the development of antimicrobial resistance (AMR), efflux protein pumps play a paramount role.
In pursuit of a safe alternative for the prevention and control of A. baumannii infections, bioactive
compounds from the aerial parts of the medicinal plant Artemisia pallens were studied. GC-MS analysis
of the ethanol extract of A. pallens detected five major compounds: lilac alcohol A, spathulenol, lilac
alcohol C, n-hexadecanoic acid, and vulgarin. In silico examinations were performed using the
Schrödinger suite. Homology modelling was performed to predict the structure of the efflux protein
of A. baumannii-LAC-4 strain (MDR Ab-EP). The identified bioactive compounds were analysed for
their binding efficiency with MDR Ab-EP. High binding efficiency was observed with vulgarin with
a glide score of −4.775 kcal/mol and stereoisomers of lilac alcohol A (−3.706 kcal/mol) and lilac
alcohol C (−3.706 kcal/mol). Our molecular dynamic simulation studies unveiled the stability of
the ligand–efflux protein complex. Vulgarin and lilac alcohol A possessed strong and stable binding
efficiency with MDR Ab-EP. Furthermore, validation of the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) properties of the ligands strongly suggested that these compounds
could serve as a lead molecule in the development of an alternate drug from A. pallens.

Keywords: Acinetobacter baumannii; Artemisia pallens; vulgarin; lilac alcohol; molecular docking;
molecular dynamic simulation; efflux protein

1. Introduction

Acinetobacter baumannii is an opportunistic Gram-negative bacterium implicated with
nosocomial infections, viz. urinary tract infections, pneumonia, soft tissue and skin in-
fections, meningitis, etc. [1]. A. baumannii, particularly in the hospital environment, has
posed a serious threat to global well-being due to its concrete role in multidrug resistance
(MDR) in the past two decades [2,3]. Nosocomial pneumonia caused by A. baumannii has a
mortality rate of 30–75%, while community-acquired pneumonia (CAP) due to A. baumannii

Molecules 2022, 27, 5188. https://doi.org/10.3390/molecules27165188 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27165188
https://doi.org/10.3390/molecules27165188
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-5735-0963
https://orcid.org/0000-0002-2351-1597
https://orcid.org/0000-0003-0954-5966
https://orcid.org/0000-0002-7866-9818
https://doi.org/10.3390/molecules27165188
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27165188?type=check_update&version=1


Molecules 2022, 27, 5188 2 of 17

has been reported to have a mortality rate of 40–60% [4]. Recently, the SENTRY antimicro-
bial surveillance program reported a high prevalence in MDR A. baumannii across parts
of India, Pakistan, Malaysia, Thailand, and Taiwan [5–7]. The phenotypic and genotypic
alterations in A. baumannii have resulted in an upsurge in antimicrobial resistance and
virulence attributes [8,9]. The outer-membrane porins (OMPs), capsular polysaccharides,
acinetobactin transporters, and K1 surface antigen protein 1 are some of the key factors
responsible for promoting A. baumannii as a notorious nosocomial pathogen [10,11]. A.
baumannii holds a plethora of virulence genes that encode for biofilm formation, facilitate
adherence to different surfaces [12], maintain viability at extreme conditions, and protect
against antimicrobial agents as well as the immune surveillance radars of the host [13,14].
Conventional antibiotics such as cephalosporins, penicillin, tetracycline, quinolones, and
aminoglycosides have often been proven to be ineffective against A. baumannii owing
to the resistance determinants of the bacterium. The underlying resistance mechanism
in genetic alterations appears to cause configurational changes in membrane fusion pro-
teins, overexpression of antimicrobial enzymes and efflux transporters, alterations in target
sites, and insertion of novel resistance determinants [15]. The key factors implicated in
imparting resistance in A. baumannii include β-lactamases (enzymatic mechanism), efflux
protein pumps and membrane permeability (nonenzymatic mechanism), and alterations in
penicillin-binding protein (PBP) sequences [16–18]. The overexpression of efflux proteins
in the bacterial cell membrane is a critical factor that offers multidrug resistance in A.
baumannii [19]. The high-level resistance developed by A. baumannii against conventional
antimicrobial drugs has made its control challenging and cumbersome, warranting the
need for an effective antimicrobial agent.

Given the surging quantum of adverse events, modern chemical and synthetic drugs
have lost allure in the general public, and, hence, traditional medicines utilizing natural
products derived predominantly from plant sources are gaining importance due to their
eco-friendly attributes and negligible sideeffects. Medicinal plants are unique in their
potential to cure a broad spectrum of diseases owing to the presence of phytochemicals
that exhibit diverse pharmacological properties. Hence, plants represent the appropriate
candidates in our search and discovery of newer drug compounds [20]. Artemisia pallens
is one such highly valuable medicinal plant belonging to the family Asteraceae [21].It is
popularly known as “Davana” in Ayurveda [22] and is traditionally used in the treatment
of diabetes, hypertension, and depression [23]. The presence of a plethora of secondary
metabolites renders this plant an ideal candidate for use as a herbal therapeutic agent
against various ailments.The essential oil present in A. pallens is a flavouring agent [24],
and is well-known for its antibacterial, antifungal, antispasmodic [25], antihelmintic [26],
and antioxidant activities [27].

The screening of phytochemicals in medicinal plants aids in determining the phar-
macological activities. Chromatography (GC-MS) and spectroscopic Fourier-transform
infrared spectroscopy (FTIR) analysis are routinely used to identify functional groups and
bioactive compounds in plants. Furthermore, sophisticated software is used in drug discov-
ery to screen drugs from phytochemicals [26]. Computational prediction tools ease the in
silico prediction of pharmacological, pharmacokinetic, and toxicological performances [27].
Molecular docking is a highly successful and low-cost method for designing and validating
pharmaceuticals, and provides critical information on drug—receptor interactions to antici-
pate the binding of ligands (drug) with target proteins. In silico studies on the inhibition
of AdeABC integral protein of the efflux pump [28] and RND efflux pump protein in A.
baumannii have previously been reported [29]. Here, we evaluated the bioactive compounds
isolated from the aerial parts of A. pallens for their antibacterial efficacy against MDR A. bau-
mannii via in silico (molecular docking and dynamic simulations studies) approaches. The
interaction pattern of bioactive compounds with multidrug resistance efflux protein (MDR
Ab-EP) complexes were predicted and validated for the designing of newer drug molecules.
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2. Result and Discussion

The phytochemical constituents of A. pallens present in the ethanol extract were identi-
fied using GC-MS analysis (Figure 1), which revealed the presence of twenty-five different
bioactive compounds. The major compounds lilac alcohol C (32.77%), spathulenol (3.03%),
lilac alcohol A (7.29%), n-hexadecanoic acid (7.92%) and vulgarin (15.14%) were tabulated
with their retention times, molecular formulae, and molecular weights. The stereoisomers of
lilac alcohol occupied a total of 40% of the identified bioactive compounds (Table 1). Syringa
vulgaris flower extract exhibited the presence of lilac alcohol stereoisomers C and D, which
occupied >40% of the identified bioactive compounds [30]. Vulgarin is a sesquiterpene
reported in Artemisia judaica possessing antihyperlipidemic and antihyperglycemic activi-
ties [31]. Halymeniad urvillei extract contains hexadecenoic acid [32]. The n-hexadecanoic
acid recovered from aerial parts of Rhanterium epapposum appears to possess antibacterial
activities [33]. Similarly, Doughari and Saa-Aondo [34] have reported that n-hexadecanoic
acid isolated from the methanol extract of Prosopis africana was effective against Klebsiella
pneumoniae, Pseudomonas aeruginosa, and Microsporum canis isolates. Moreover, spathulenol
present in the n-hexane extract of Ocotea notata leaves showed inhibitory activity against
Mycobacterium bovis.
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Figure 1. GC-MS chromatogram of ethanolic extract of Artemisia pallans. X-axis depicts time (in
minutes) and Y-axis indicates abundance (in millivolts).

Table 1. Selected bioactive compounds of A. pallens (GC-MS analysis).

Sl. No Retention
Time

CAS Registry
Number Name of the Compound Molecular

Formula
Molecular

Weight Peak Area (%)

1 RT-10.164 033081-34-4 Lilac alcohol A C10H18O2 170.251 7.29
2 RT-12.652 006750-60-3 Spathulenol C15H24O 220.354 3.03
3 RT-13.863 033081-36-6 Lilac alcohol C C10H18O2 170.251 32.77
4 RT-15.974 000057-10-3 n-Hexadecanoic acid C16H32O2 256.428 7.92
5 RT-17.430 000148-21-7 Vulgarin C15H20O4 264.321 15.14
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2.1. ADMET Analysis

To be able to consider a bioactive compound as a lead molecule in the drug discovery
process, the evaluation of its ADMET properties is essential. The druglikeness attributes of
the identified bioactive compounds of A. pallens were evaluated for their ADMET character-
istics using the Schrodinger software ‘QikProp’ module. Detailed analyses of QPlogPo/w
(octanol/water coefficient), percent humanoral absorption, QPlogBB (brain/blood coeffi-
cient) and QPlogS (solubility) were performed and presented (Table 2). The drug likeness
of ligands based on the Lipinski rule of 5 is vital in the rational designing of a drug. The
percentage of human oral absorption of lilac alcohol A, C, and spathulenol was found
to be 100%. The ligands n-hexadecanoic acid and vulgarin measured 87.13% and 83.57%
QP, respectively. All the selected ligands possessed excellent absorption properties. The
permissible range of solvent accessible surface area (SASA) for ligands ranged between
300 and 1000. The ligands evaluated for toxicity prediction showed admissible range of
SASA ranging between 420 and 675 indicating the druggable nature of the ligands. Both
the stereoisomers of lilac alcohol (A and C) exhibited SASA values of 420.285. The ligands
vulgarin and spathulenol recorded a SASA value of 479.884 and 451.722, respectively. A
high SASA value was observed with n-hexadecanoic acid (675.898). The hydrogen bond
donors of the ligand molecules were 1, and hydrogen bond acceptors ranged between
0.75 and 5.75. Spathulenol had minimum hydrogen acceptors while vulgarin exhibited
maximum hydrogen bond acceptors. The octanol/water coefficient was minimum for
vulgarin (1.383) and maximum for n-hexadecanoic acid (5.282).Similarly, n-hexadecanoic
acid showed a low blood/brain coefficient (−1.494) and solubility (−5.593). The evalu-
ated ligands showed high percentage of absorption and low solubility (hydrophobicity).
Together, we concluded that all the selected ligands showed no violation of the rule of
Lipinski in order to be considered as drugs.

Table 2. Principle descriptors calculated for the selected ligands of A. pallens.

Compound
Name MW HB

Donor
HB

Acceptor SASA QPlogPo/w QPlogBB QPlogS
%Human

Oral
Absorption

Lilac alcohol A 170.251 1 2.450 420.285 2.311 −0.030 −2.429 100
Spathulenol 220.354 1 0.750 451.722 3.937 0.355 −3.986 100
Lilac alcohol C 170.251 1 2.450 420.285 2.311 −0.030 −2.429 100
n-Hexadecanoic
acid 256.428 1 2.000 675.898 5.282 −1.494 −5.593 87.129

Vulgarin 264.321 1 5.750 479.884 1.383 −0.616 −2.934 83.570

2.2. Homology Modelling and Validation of Predicted 3D Structure of A. baumanni Efflux Protein

In the present study, the 3D structure of a small multidrug-resistant transporter protein
of E. coli (7JK8-A), that showed 96% identity with efflux protein of A. baumannii-LAC 4
strain, was used as a template to construct a 3D structure of MDR Ab-EP.The 3D structure
and Ramachandran plots are presented in Figure 2. The efflux protein of A. baumanni
had 84 amino acids. The stereochemical properties of the modelled efflux protein MDR
Ab-EP were evaluated with a Ramachandran plot to understand the conformations of the
MDR Ab-EP structure. The dihedral angles phi (Φ) and psi (ψ) of amino acid residues
predicting the allowed and disallowed conformations in protein structure were analysed
with Ramachandran plot. The plot showed that MDR Ab-EP protein had 94.4% of residues
in the most favoured region and 5.6% residues in the allowed region.
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plot analysis of modelled protein. 

Figure 2. Homology model of the MDR efflux protein of A. baumannii (LAC-4) and Ramachandran
plot analysis of modelled protein.
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2.3. Validation of Docking Process

The preciseness of the docking process depends on the prediction of binding pose by
the docking software. The Glide XP docking was validated with the binding of selected
ligands to the active sites of the target protein (A. baumannii efflux protein-MDR Ab-EP).
Two binding sites were identified in MDR Ab-EP (Figure 3). The Site scores(S) of binding
sites 1 and 2 were 0.844 and 0.742, respectively, and the drug ability score (D) was observed
as 0.861 and 0.66, respectively. The binding site with the maximum D score (Site-1) was
selected for further in silico studies (Table 3).
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Table 3. SiteMap properties of MDR Ab-EP.

Binding Sites AA Residues S Score * Size D Score † Volume

Binding site_1 3,4,6,7,10,49,53,54,57,61,
65,97,100,101,103,104 0.844 55 0.861 219.520

Binding site_2 68,71,72,75,77,78,79,80,81,
82,90 0.742 43 0.666 128.968

* Site score. † Draggability score.

2.4. Molecular Docking

The major bioactive compounds identified in A. pallens, including lilac alcohol C
(033081-34-4), spathulenol (006750-60-3), lilac alcohol A (033081-36-6), n-hexadecanoic acid
(000057-10-3), and vulgarin (000148-21-7), were investigated for their binding efficiencies
with A. baumannii efflux protein (MDR Ab-EP), and their 2D structures arepresented in
Figure 4. The interacting amino acids, H-bonded interaction, bond length, Glide score
(Kcal/mol), and MM-GBSA ∆Gbind (kcal/mol) of the protein–ligand complexes are shown
in Table 4. The ligands lilac alcohol A and lilac alcohol C bound at binding site 1 of the
target protein exhibited a Glide score of −3.706 (kcal/mol) and binding energy (∆Gbind)
of −24.54 kcal/mol. Hydrogen bond interactions were observed with the OH group of
TYR3 and LEU6 amino acid residues with a bond length of 1.74 Å and 2.17 Å, respectively.
The interaction of the ligands lilac alcohol A and lilac alcohol C and the modelled efflux
protein is presented in Figure 5A,C. The docking of spathulenol with the efflux protein was
mediated with the OH group of TYR3 residue with a bond length of 2.08 Å, Glide score
of −3.652 (kcal/mol), and binding energy (∆Gbind) of −30.51 kcal/mol. The docking of
n-hexadecanoic acid with the efflux protein exhibited a Glide score of −3.706 kcal/mol,
binding energy (∆Gbind) of −33.19 kcal/mol, and hydrogen bond interactions were ob-
served with the OH group of ASN101 amino acid residue with a bond length of 1.85 Å.
The ligand vulgarin showed two interactions with the TYR3 residue of the efflux protein
through OH groups with bond lengths 2.05 Å and 2.13 Å. The Glide score was found to
be −4.775 kcal/mol and the binding energy (∆Gbind) was−39.34 kcal/mol, which is the
minimum score observed among the selected ligand molecules (Table 4 and Figure 5). The
lowest Glide score and binding energy indicate that vulgarin is a potential drug candidate
with high affinity towards the efflux protein of A. baumannii. From the molecular-docking
simulation, it could be inferred that three compounds, namely vulgarin, spathulenol, and
lilac alcohol C, can be considered as potent efflux protein inhibitor candidates, and can be
used as potential antibacterial drugs.

Table 4. Glide XP docking and MM/GBSA binding free energy (∆Gbind) results for ligands with
target protein MDR Ab-EP.

Sl.No Ligands CAS
Registry. NO Amino Acid H-Bond

Interaction
Bond Length

(Å)
Glide Score
(kcal/mol)

MM-GBSA
∆Gbind

(kcal/mol)

1 Lilac alcohol A 033081-34-4 TYR3
LEU6

H . . . O
O . . . H

1.74
2.17 −3.706 −24.54

2 Spathulenol 006750-60-3 TYR3 H . . . O 2.08 −3.652 −30.51

3 Lilac alcohol C 033081-36-6 TYR3
LEU6

H . . . O
O . . . H

1.74
2.17 −3.706 −24.54

4 n-Hexadecanoic acid 000057-10-3 ASN101 O . . . H 1.85 −2.187 −33.19

5 Vulgarin 000148-21-7 TYR3
TYR3

H . . . O
O . . . H

2.05
2.13 −4.775 −39.34
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Figure 5. Docking interactions of ligands ((A). 033081-34-4, (B). 006750-60-3, (C). 033081-36-6,
(D). 000057-10-3 and (E). 000148-21-7) with efflux protein ligand docking poses represented in
threedimensions (Left) and twodimensions (Right). The ligands are shown as a ball and stick model
and the dotted pink lines indicate hydrogen bond interactions and the residues.

2.5. Molecular Dynamics

Molecular simulation studies were performed using GROMACS. The root mean square
deviation (RMSD) and root mean square fluctuation (RMSF) values determine the stability
of the protein backbone and the ligand complexes. The RMSD plot (Figure 6A) presents
the variations in the residues of the efflux protein backbone. Initial variations in residues
were observed until11 ns, after which equilibration of the backbone structure was attained
untilthe completion of the simulation run (50 ns). The high peak represented by the RMSF
plot (Figure 6B) between 20 and 29 residues and between 80 and 86 residues indicates
the formation of a loop configuration. The molecular dynamic simulation of MDR Ab-EP
with ligand complexes was performed to evaluate stability (Figure 7). The comparison of
protein–ligand complexes suggests that MDR Ab-EP and ligand (vulgarin) complex was



Molecules 2022, 27, 5188 10 of 17

highly stable. The stability of the protein–ligand complex was observed from the start
of the run and further deviation was not observed untilthe end of the run (50 ns). The
complex consisting of lilac alcohol C showed initial variation until9 ns and was found
to be stabilized up to 50 ns simulation time (Figure 7A). Likewise, the spathulenol-MDR
Ab-EP complex’s RMSD plot showed stability from 11 ns to 50 ns. Figure 7 represents the
mean variation plot of the selected ligand–efflux protein complexes, which showed that
the vulgarin–efflux protein complex (see Figure 7B) showed the least variation (0.29). The
average hydrogen bond interactions values are shown in Table 5.
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Figure 7. Backbone RMSD values of ligand nominees for efflux protein. (A) Red indicates MDR
Ab-EP-033081-34-4 complex, blue indicates MDR Ab-EP-006750-60-3 complex, green indicates MDR
Ab-EP -033081-36-6 complex, brown indicates MDR Ab-EP-000057-10-3, and yellow MDR Ab-EP-
000148-21-7complex. (B) Bar diagram indicating the average of RMSD values for the protein–ligand
complexes. (C) RMSF value of protein–ligand complexes during the trajectory period of simulation.
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Table 5. Average number of hydrogen bond interactions of MDR Ab-EP and ligand complexes at 50 ns.

Sl.No Ligands CAS Registry. NO Average Hydrogen Bond
Interactions

1 Lilac alcohol A 033081-34-4 0.02
2 Spathulenol 006750-60-3 0.01
3 Lilac alcohol C 033081-36-6 0.04
4 n-Hexadecanoic acid 000057-10-3 0.15
5 Vulgarin 000148-21-7 3.04

The fluctuations in the RMSF plot exhibited with high peaks indicate that the residues
present in the backbone of the protein are involved in loop formation. This high deviation
in theRMSD and RMSF plot observed for ligand n-hexadecanoic acid and lilac alcohol A
suggests that the complexes were not stable until10 ns of the simulation run. From the plots
of RMSF, it could be inferred that the protein–ligand complex involving n-hexadecanoic
acid is the least stable compared to other ligands evaluated (Figure 7C). Two H-bond
interactions were observed constantly in efflux protein–vulgarin (TYR3and TYR3), and lilac
alcohol A, C (TRY3 and LEU6), indicating the strong and persistent binding of the ligand
to the active site of the efflux protein. The average hydrogen bond interactions formed
between the MDR Ab-EP along with the five selected ligand molecules are presented in
Supplementary Figure S1, respectively. The average hydrogen bond interaction values are
given in Table 5. The MDR Ab-EP interaction with ligand 000148-21-7 (vulgarin) showed
the highest average hydrogen bonding of 3.04.

3. Materials and Methods

A. pallens was collected from Kolli Hills, Tamil Nadu, India, and was authenticated
(No. 3117) by a competent taxonomist from the Rapinat Herbarium, St. Joseph’s College
(Autonomous), Tiruchirappalli, Tamil Nadu, India. The plant was washed with distilled
water thrice and transferred to the processing laboratory using polyethene bags. The aerial
parts of the plant were cut into pieces, washed, and shadow-dried for 10 days. Subsequently,
the plant parts were ground to a fine powder using a mechanical blender. The dried powder
was stored at 4 ◦C until further experiments.

3.1. Preparation of Solvent Extract

Crude plant extract was prepared by the Soxhlet extraction method. Briefly, 20 g of
powdered plant material was uniformly packed into a thimble and extracted with 250 mL
of ethanol. Extraction was continued for 24 h or untilthe solvent in the siphon tube of the
extractor became colourless. The extract was collected in a beaker and condensed on a rotary
evaporator under reduced pressure. Crude extract was stored at 4 ◦C for future use [35].

3.2. Identification of Bioactive Compounds from Aerial Parts of A. pallens

The phytochemical composition of ethanolic extract of A. pallens was analysed using a
GC-MS (Agilent GC 7890A/MS5975C) chromatograph equipped with a Shimadzu QP-500
mass spectrometer, as per standard protocols [36]. The plant extract was dissolved in
ethanol (1:25 ratio), and 1µL of the sample was subjected to analysis. A fused-silica column
coated with polydimethyl siloxane (30 m length/0.25 mm diameter/0.25 µm film thickness)
was used as the stationary phase. Helium was used as carrier gas at a flow rate of 1ml/min.
The temperature of the injector was fixed at 325 ◦C. The temperature of the oven was
maintained at 50 ◦C for a min, which was then increased to 300 ◦C at arate of 12 ◦C/min.
An ionization voltage of 70 eV with 1:5 split rate was maintained. The composition of
the extract was identified by comparing the mass spectra with known compounds (or)
published data and the results are given in Supplementary Table S1.
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3.3. Hardware and Software

The in silico analysis was performed on IBM Rack server (X3550M4 1U) with a dual In-
tel Xeon (E5-2670V210C) 2.5 GHz processor operated with the Linux operating system(Cent
OS V6.5). The protein structure prediction, molecular docking, and dynamic simulation
studies were performed with Schrodinger suite (2022-1) with graphical interface (Maestro
22-1) [37] and GROMACS package (version 4.5).

3.4. Ligand-Based Pharmacokinetics Analysis

In order to consider a compound to be a lead molecule in the drug discovery process,
the ADMET properties arecrucial. The druglikeness parameters of the identified ligands
from A. pallens were evaluated for ADMET characteristics using the Schrödinger software’s
‘QikProp’ module [38]. Detailed analyses of logP (octanol/water), QP% (human oral ad-
sorption), QPlogBB (blood–brain barrier), and QPlogS (aqueous solubility) were conducted.
The drug likeness of the ligands based on the Lipinski rule of 5 is vital in the rational
designing of a drug.

3.5. Homology Modelling and Protein Structure Prediction

Homology modelling of the MDR efflux protein of A. baumannii (LAC-4) was con-
structed using a ‘Prime module’ of the Schrödinger software using the 3D structure of a
small multidrug-resistant (SMR) transporter protein of Escherichia coli (7JK8-A) as a tem-
plate as the protein showed 96% similarity [39]. The sequence of the efflux protein of the
A. baumannii LAC-4 strain with the accession number AIY36556.1was retrieved from the
NCBI database [40] in FASTA format and was used for predicting the 3D structure of the
A. baumannii efflux protein. Loops were refined and verified using Schrödinger ‘Protein
Refinement module’.

3.6. Preparation of Protein and Ligand Molecules

The assignment of bond orders, addition of hydrogen, and removal of water molecules
were carried out with Schrödinger ‘Protein preparation wizard’ for the preparation and
optimization of the efflux protein 3D structure. Protein protonation at biological pH was
attained with the ‘Epik module’ of the Schrödinger software suite [41,42]. The hydrogen-
bonding network was assigned using OPLS3e force field [43] and minimization was set
to terminate when RMSD reached maximum cut-off (0.30 Å) to obtain the least possible
energy [44].

The 2D structure of the ligands (bioactive compounds) identified from the aerial parts
of A. pallens was retrieved from the National Institute Standard and Technology (NIST)
Chemistry Web Book [45]. The 3D and geometry optimizations with energy minimization
of ligands were executed using algorithms monitored in Schrödinger Maestro (v 22-1). The
‘LigPrep’ module [46] was used from the Maestro builder panel to prepare ligand and to
generate 3D structure of the ligands by adding hydrogen atoms and removing salt and
ionizing at pH (7 ± 2) using “Epik module” [47]. Energy minimization was performed
using OPLS4 force field [48] by using the standard energy function of molecular mechanics
and RMSD cut off 0.01 Å to generate the low-energy ring confirmation per ligand [49].

3.7. Active Site Prediction

The active sites were predicted with the ‘SiteMap’ [50,51] module based on the phys-
ical and structural properties of the modelled protein (MDR Ab-EP). The possible and
potential active site was determined with qualitative site-score values considering the size,
enclosure, contacts, hydrophilicity, hydrophobicity, and the balance between hydrogen
donor and acceptor.

3.8. Molecular Docking

The bioactive compounds (ligands) identified from the aerial parts of A. pallens in-
cluding lilac alcohol A (CAS No. 033081-34-4), spathulenol (CAS No. 006750-60-3), lilac
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alcohol C (CAS No. 033081-36-6), n-hexadecanoic acid (CAS No. 000057-10-3), and vulgarin
(CAS No. 000148-21-7) were examined for their putative antibacterial activities against
MDR-A. baumannii through molecular-docking analysis using the ‘Glide XP module’ of
the Schrodinger software suite. The 3D structures of A. pallens phytocompounds were
optimized for the docking conformation study. The structure-based molecular docking
was performed to determine the efflux protein (MDR Ab-EP)—ligand interaction. Docking
was carried out after constructing the grid by selecting the amino acid residues present in
the binding site within the radius of 3 Å as the centroid. Default parameters were selected
by keeping the ligands flexible on the docking calculation set. The formation of hydrogen
bonds between the ligands and the residues of the active site, its length, and Glide XP
(extra-precision) score were recorded [52–54].

3.9. Molecular Dynamics (MD) Simulations Analysis

Molecular dynamics simulations of efflux protein–ligand complexes were performed
using GromacsV-5.1.4 package. The stability of the MDR Ab-EP and selected ligands was
assessed. The automatic topology builder in the GROMOS96 53a6 force field for protein–
ligand complexes [55,56] was used to construct the topology files for the proteins. PRODRG
server [57] was used to construct the ligand topologies. The compounds were placed
in a cubic box containing water molecules with a simple point charge (SPC). By adding
the necessary counter ions, Na+ and Cl−, the system’s net charge was neutralized. The
particle mesh Ewald (PME) approach was used to calculate the long-range electrostatic
interactions. The linear constraint solver (LINCS) technique was used to constrain bond
lengths using hydrogen atoms [58]. The equilibration of the protein–ligand complexes
was conducted in two phases: the first conducted under an NVT ensemble (constant
temperature and constant volume) for 100 ps to equilibrate the system with proteins
and ligands at constant volume and temperature (300 K); and the second phase under
an NPT (constant temperature and constant pressure) ensemble, wherein the number of
particles, pressure, and temperature were kept constant. NPT was also used for 100 ps
to equilibrate the system with proteins and ligands at constant volume, pressure (1 bar),
and temperature (300 K). After completion of the two equilibration phases, the systems
were well-equilibrated at the desired temperature and pressure for MD analyses. For each
ligand with modelled structures of the MDR-EP Ab-LAC-4 strain, the final MD run was
set at 50 ns. The trajectories generated by MD simulations were preserved and analysed
further with GROMACS analytic tools [59,60].

4. Conclusions

The in silico evaluation carried out in the current work demonstrated the binding
activity of bioactive compounds of A. pallens with the efflux protein of A. baumannii. The
ADMET prediction for the selected ligands could help in identifying the druglikeness
property for them to be used as lead molecules in drug discovery. The stability of the
ligands in binding with the target efflux protein of A. baumannii was assessed with molecular
dynamic simulation investigations. From our in silico evaluation, vulgarin and lilac alcohol
A were identified as potent ligands with strong and stable binding potentials with the
target protein MDR Ab-EP. The antimicrobial activity of the reported compounds should
be validated through qualitative estimations (such as agar diffusion assay and minimal
inhibitory concentration (MIC)) for future consideration as antibacterial agents. Taken
together, the two ligands can be considered as potent lead molecules against the MDR-A.
baumannii LAC-4 strain.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27165188/s1, Figure S1: Total number of inter-molecular
hydrogen bond (H_bond) interactions between the ligands (033081-34-4, 006750-60-3, 033081-36-6,
000057-10-3 and 000148-21-7 efflux protein of A. baumannii (LAC-4)); Table S1: List of extricated
compounds attained from GC–MS Assay.

https://www.mdpi.com/article/10.3390/molecules27165188/s1
https://www.mdpi.com/article/10.3390/molecules27165188/s1


Molecules 2022, 27, 5188 15 of 17

Author Contributions: Conceptualization, S.S., E.M.S. and V.M.; methodology, S.S., E.M.S., S.P. and
S.A.; software, S.S.; validation, S.S., E.M.S., V.M., S.P., V.V.D. and S.A.; investigation, E.M.S., V.M., S.P.,
V.V.D. and P.S.G.; data curation, E.M.S., V.M., S.P. and V.V.D.; writing—original draft preparation, S.S.,
E.M.S., V.M., S.P. and S.A.; writing—review and editing, S.S., E.M.S., V.M. and S.P.; visualization, S.A.,
V.V.D. and P.S.G.; supervision, E.M.S., V.M. and S.P.; project administration, S.S., E.M.S. and V.M.;
funding acquisition, S.S., E.M.S. and V.M. All authors have read and agreed to the published version
of the manuscript.

Funding: S.S. and E.M.S. are supported by a Research Associate Grant (File No: 45/2/2020-DDI/BMS)
from the Indian Council of Medical Research (ICMR), New Delhi. V.M. is supported by a grant from
Universiti Kebangsaan Malaysia (GP-2021-K023395), Kuala Lumpur, Malaysia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shu, H.; Li, L.; Wang, Y.; Guo, Y.; Wang, C.; Yang, C.; Gu, L.; Cao, B. Prediction of the Risk of Hospital Deaths in Patients with

Hospital-Acquired Pneumonia Caused by Multidrug-Resistant Acinetobacter baumannii Infection: A Multi-Center Study. Infect.
Drug Resist. 2020, 13, 4147–4154. [CrossRef] [PubMed]

2. Mirzaei, B.; Bazgir, Z.N.; Goli, H.R.; Iranpour, F.; Mohammadi, F.; Babaei, R. Prevalence of multi-drug resistant (MDR) and
extensively drug-resistant (XDR) phenotypes of Pseudomonas aeruginosa and Acinetobacter baumannii isolated in clinical samples
from Northeast of Iran. BMC Res. Notes 2020, 13, 380. [CrossRef] [PubMed]

3. Jovcic, B.; Novovic, K.; Dekic, S.; Hrenovic, J. Colistin Resistance in Environmental Isolates of Acinetobacter baumannii. Microb.
Drug Resist. 2021, 27, 328–336. [CrossRef] [PubMed]

4. Doughari, H.J.; Ndakidemi, P.A.; Human, I.S.; Benade, S. The ecology, biology and pathogenesis of Acinetobacter spp.: An
overview. Microbes Environ. 2011, 26, 101–112. [CrossRef] [PubMed]

5. Yang, C.H.; Su, P.W.; Moi, S.H.; Chuang, L.Y. Biofilm Formation in Acinetobacter baumannii: Genotype-Phenotype Correlation.
Molecules 2019, 24, 1849. [CrossRef]

6. Trottier, V.; Segura, P.G.; Namias, N.; King, D.; Pizano, L.R.; Schulman, C.I. Outcomes of Acinetobacter baumannii infection in
critically ill burned patients. J. Burn Care Res. 2007, 28, 248–254. [CrossRef]

7. Gaynes, R.; Edwards, J.R. National Nosocomial Infections Surveillance System. Overview of nosocomial infections caused by
gram-negative bacilli. Clin. Infect. Dis. 2005, 41, 848–854.

8. Geisinger, E.; Isberg, R.R. Interplay between Antibiotic Resistance and Virulence during Disease Promoted by Multidrug-Resistant
Bacteria. J. Infect. Dis. 2017, 215, S9–S17. [CrossRef]

9. Tipton, K.A.; Farokhyfar, M.; Rather, P.N. Multiple roles for a novel RND-type efflux system in Acinetobacter baumannii AB5075.
Microbiologyopen 2017, 6, e00418. [CrossRef]

10. Sheldon, J.R.; Skaar, E.P. Acinetobacter baumannii can use multiple siderophores for iron acquisition, but only acinetobactin is
required for virulence. PLoS Pathog. 2020, 16, e1008995. [CrossRef]

11. Liu, D.; Liu, Z.S.; Hu, P.; Cai, L.; Fu, B.Q.; Li, Y.S.; Lu, S.Y.; Liu, N.N.; Ma, X.L.; Chi, D.; et al. Characterization of surface antigen
protein 1 (SurA1) from Acinetobacter baumannii and its role in virulence and fitness. Vet. Microbiol. 2016, 186, 126–138. [CrossRef]
[PubMed]

12. Selvaraj, A.; Valliammai, A.; Sivasankar, C.; Suba, M.; Sakthivel, G.; Pandian, S.K. Antibiofilm and antivirulence efficacy of
myrtenol enhances the antibiotic susceptibility of Acinetobacter baumannii. Sci. Rep. 2020, 10, 21975. [CrossRef] [PubMed]

13. Balcazar, J.L.; Subirats, J.; Borrego, C.M. The role of biofilms as environmental reservoirs of antibiotic resistance. Front. Microbiol.
2015, 6, 1216. [CrossRef] [PubMed]

14. Moosavian, M.; Ahmadi, K.; Shoja, S.; Mardaneh, J.; Shahi, F.; Afzali, M. Antimicrobial resistance patterns and their encoding
genes among clinical isolates of Acinetobacter baumannii in Ahvaz, Southwest Iran. MethodsX 2020, 7, 101031. [CrossRef]

15. Kumar, S.; Yadav, M.; Sehrawat, N.; Alrehaili, J.; Anwer, R. Pathobiology of Multidrug Resistant Acinetobacter baumannii: An
update. Asian J. Biol. Life Sci. 2021, 10, 15–26. [CrossRef]

16. Evans, B.A.; Hamouda, A.; Amyes, S.G. The Rise of Carbapenem-Resistant Acinetobacter baumannii. Curr. Pharm. Des. 2013, 19,
223–238. [CrossRef] [PubMed]

17. Suvaithenamudhan, S.; Parthasarathy, S. Structure based virtual screening for the identification of potential inhibitors for
penicillin binding protein 2B of the resistant 5204 strain of streptococcus pneumoniae. Curr. Bioinform. 2016, 11, 66–78. [CrossRef]

18. Suvaithenamudhan, S.; Parthasarathy, S. Molecular Dynamics Simulations of Novel Potential Inhibitors for Penicillin Binding
Protein 2B of the Resistant 5204 Strain of Streptococcus Pneumoniae. Curr. Comput. Aided Drug Des. 2017, 13, 234–248. [CrossRef]

http://doi.org/10.2147/IDR.S265195
http://www.ncbi.nlm.nih.gov/pubmed/33244244
http://doi.org/10.1186/s13104-020-05224-w
http://www.ncbi.nlm.nih.gov/pubmed/32778154
http://doi.org/10.1089/mdr.2020.0188
http://www.ncbi.nlm.nih.gov/pubmed/32762604
http://doi.org/10.1264/jsme2.ME10179
http://www.ncbi.nlm.nih.gov/pubmed/21502736
http://doi.org/10.3390/molecules24101849
http://doi.org/10.1097/BCR.0B013E318031A20F
http://doi.org/10.1093/infdis/jiw402
http://doi.org/10.1002/mbo3.418
http://doi.org/10.1371/journal.ppat.1008995
http://doi.org/10.1016/j.vetmic.2016.02.018
http://www.ncbi.nlm.nih.gov/pubmed/27016767
http://doi.org/10.1038/s41598-020-79128-x
http://www.ncbi.nlm.nih.gov/pubmed/33319862
http://doi.org/10.3389/fmicb.2015.01216
http://www.ncbi.nlm.nih.gov/pubmed/26583011
http://doi.org/10.1016/j.mex.2020.101031
http://doi.org/10.5530/ajbls.2021.10.3
http://doi.org/10.2174/138161213804070285
http://www.ncbi.nlm.nih.gov/pubmed/22894617
http://doi.org/10.2174/1574893611666151119220500
http://doi.org/10.2174/1573409913666170301120421


Molecules 2022, 27, 5188 16 of 17

19. Kumar, S.; Singhal, L.; Ray, P.; Gautam, V. Over-expression of RND and MATE efflux pumps contribute to decreased susceptibility
in clinical isolates of carbapenem resistant Acinetobacter baumannii. Int. J. Pharm. Res. 2020, 12, 342–349.

20. Farnsworth, N.R.; Akerele, O.; Bingel, A.S.; Soejarto, D.D.; Guo, Z. Medicinal Plants in Therapy. Bull. World Health Organ. 1985,
63, 965–981. [CrossRef]

21. Nathar, V.N.; Yatoo, G.M. Micropropagation of an Antidiabetic Medicinal Plant, Artemisia pallens. Turk. J. Bot. 2014, 38, 491–498.
[CrossRef]

22. Kumar, A.P.; Kumud, U. Pharmacognostic and Phytochemical Investigation of Aerial Parts of Artemisia Pallens Wall Ex.Dc.
Pharmacogn. J. 2010, 2, 285–288. [CrossRef]

23. Pavithra, K.S.; Annadurai, J.; Pavithra, S.; Ragunathan, R. Phytochemical, Antioxidant and a Study of Bioactive Compounds from
Artemisia Pallens. J. Pharmacog. Phytochem. 2018, 7, 664–675.

24. Husain, A.; Virmani, O.P.; Sharma, A.; Kumar, A.; Misra, L.N. Major Essential Oil-Bearing Plants of India; Central Institute of
Medicinal and Aromatic Plants: Lucknow, India, 1988; 237p.

25. Asolkar, L.; Kakkar, K.; Chakra, O. Second Supplement to Glossary of Indian Medicinal Plants with Active Principles; Publications &
Information Directorate: Devon, UK, 1992; pp. 92–97.

26. Nakhare, S.; Garg, S.C. Anthelmintic Activity of the Essential Oil of Artemisia Pallens Wall. Anc. Sci. Life 1991, 10, 185–186.
27. Devare, S.M.; Patil, J.A.; Gaikwad, S.A.; Torne, R.C.; Deshpande, N.R.; Salvekar, J.P. Antioxidant Potential of Artemisia Pallens

Roots. Int. J. PharmTech Res. 2013, 5, 1360–1363.
28. Verma, P.; Tiwari, M.; Tiwari, V. In Silico High-Throughput Virtual Screening and Molecular Dynamics Simulation Study to

Identify Inhibitor for AdeABC Efflux Pump of Acinetobacter baumannii. J. Biomol. Struct. Dyn. 2018, 36, 1182–1194. [CrossRef]
[PubMed]

29. Verma, P.; Maurya, P.; Tiwari, M.; Tiwari, V. In-Silico Interaction Studies Suggest RND Efflux Pump Mediates Polymyxin
Resistance in Acinetobacter baumannii. J. Biomol. Struct. Dyn. 2019, 37, 95–103. [CrossRef] [PubMed]

30. Hanganu, D.; Niculae, M.; Ielciu, I.; Olah, N.K.; Munteanu, M.; Burtescu, R.; S, tefan, R.; Olar, L.; Pall, E.; Andrei, S.; et al. Chemical
Profile, Cytotoxic Activity and Oxidative Stress Reduction of Different Syringa vulgaris L. Extracts. Molecules 2021, 26, 3104.
[CrossRef] [PubMed]

31. Saeedan, A.S.; Soliman, G.A.; Abdel-Rahman, R.F.; Abd-Elsalam, R.M.; Ogaly, H.A.; Alharthy, K.M.; Abdel-Kader, M.S. Possible
Synergistic Antidiabetic Effects of Quantified Artemisia Judaica Extract and Glyburide in Streptozotocin-Induced Diabetic Rats
via Restoration of Ppar-αmRNA Expression. Biology 2021, 10, 796. [CrossRef] [PubMed]

32. Sangpairoj, K.; Settacomkul, R.; Siangcham, T.; Meemon, K.; Niamnont, N.; Sornkaew, N.; Tamtin, M.; Sobhon, P.; Vivithanaporn, P.
Hexadecanoic Acid-Enriched Extract of Halymenia Durvillei Induces Apoptotic and Autophagic Death of Human Triple-Negative
Breast Cancer Cells by Upregulating ER Stress. Asian Pac. J. Trop. Biomed. 2022, 12, 132–140.

33. Rajendrasozhan, S.; Moll, H.E.; Snoussi, M.; Romeilah, R.M.; Shalaby, E.A.; Younes, K.M.; El-Beltagi, H.S. Phytochemical Screening
and Antimicrobial Activity of Various Extracts of Aerial Parts of Rhanterium epapposum. Processes 2021, 9, 1351. [CrossRef]

34. Doughari, J.H.; Saa-Aondo, M. Phytochemical analysis of crude methanol extracts and antimicrobial activity of n-hexane fractions
of methanol seed and pod extracts of Prosopis Africana on some selected microrganisms. Archives 2021, 2, 121–137.

35. Ananth, S.; Thangamathi, P. Larvicidal Efficacy of Fabricated Silver Nanoparticles from Butea Monosperma Flower Extract
against Dengue Vector, Aedes Aegypti. Biotech Today Int. J. Biol. Sci. 2018, 8, 20–29. [CrossRef]

36. Abbasipour, H.; Mahmoudvand, M.; Rastegar, F.; Hosseinpour, M.H. Fumigant Toxicity and Oviposition Deterrency of the
Essential Oil from Cardamom, Elettaria Cardamomum, against Three Stored—Product Insects. J. Insect Sci. 2011, 11, 165.
[CrossRef] [PubMed]

37. Schrödinger Release 2022-1: Maestro; Schrödinger LLC: New York, NY, USA, 2021.
38. Schrödinger Release 2022-1: QikProp; Schrödinger LLC: New York, NY, USA, 2021.
39. Shcherbakov, A.A.; Hisao, G.; Mandala, V.S.; Thomas, N.E.; Soltani, M.; Salter, E.A.; Davis, J.H., Jr.; Henzler-Wildman, K.A.;

Hong, M. Structure and dynamics of the drug-bound bacterial transporter EmrE in lipid bilayers. Nat. Commun. 2021, 12, 172.
[CrossRef] [PubMed]

40. Pruitt, K.D.; Tatusova, T.; Maglott, D.R. NCBI Reference Sequences (RefSeq): A Curated Non-Redundant Sequence Database of
Genomes, Transcripts and Proteins. Nucleic Acids Res. 2007, 35, D61–D65. [CrossRef] [PubMed]

41. Greenwood, J.R.; Calkins, D.; Sullivan, A.P.; Shelley, J.C. Towards the Comprehensive, Rapid, and Accurate Prediction of the
Favorable Tautomeric States of Drug-like Molecules in Aqueous Solution. J. Comput. Aided Mol. 2010, 24, 591–604. [CrossRef]
[PubMed]

42. Shelley, J.C.; Cholleti, A.; Frye, L.L.; Greenwood, J.R.; Timlin, M.R.; Uchimaya, M. Epik: A Software Program for PKa Prediction
and Protonation State Generation for Drug-like Molecules. J. Comput.-Aided Mol. Des. 2007, 21, 681–691. [CrossRef]

43. Roos, K.; Wu, C.; Damm, W.; Reboul, M.; Stevenson, J.M.; Lu, C.; Dahlgren, M.K.; Mondal, S.; Chen, W.; Wang, L.; et al. OPLS3e:
Extending Force Field Coverage for Drug-Like Small Molecules. J. Chem. Theory Comput. 2019, 15, 1863–1874. [CrossRef]

44. Harder, E.; Damm, W.; Maple, J.; Wu, C.; Reboul, M.; Xiang, J.Y.; Wang, L.; Lupyan, D.; Dahlgren, M.K.; Knight, J.L.; et al. OPLS3:
A Force Field Providing Broad Coverage of Drug-like Small Molecules and Proteins. J. Chem. Theory Comput. 2016, 12, 281–296.
[CrossRef]

45. Linstrom, P.J.; Mallard, W.G. The NIST Chemistry WebBook: A Chemical Data Resource on the Internet. J. Chem. Eng. Data 2001,
46, 1059–1063. [CrossRef]

http://doi.org/10.1016/0378-8741(87)90016-X
http://doi.org/10.3906/bot-1204-27
http://doi.org/10.1016/S0975-3575(10)80117-8
http://doi.org/10.1080/07391102.2017.1317025
http://www.ncbi.nlm.nih.gov/pubmed/28393677
http://doi.org/10.1080/07391102.2017.1418680
http://www.ncbi.nlm.nih.gov/pubmed/29246087
http://doi.org/10.3390/molecules26113104
http://www.ncbi.nlm.nih.gov/pubmed/34067400
http://doi.org/10.3390/biology10080796
http://www.ncbi.nlm.nih.gov/pubmed/34440028
http://doi.org/10.3390/pr9081351
http://doi.org/10.5958/2322-0996.2018.00004.2
http://doi.org/10.1673/031.011.16501
http://www.ncbi.nlm.nih.gov/pubmed/22242564
http://doi.org/10.1038/s41467-020-20468-7
http://www.ncbi.nlm.nih.gov/pubmed/33420032
http://doi.org/10.1093/nar/gkl842
http://www.ncbi.nlm.nih.gov/pubmed/17130148
http://doi.org/10.1007/s10822-010-9349-1
http://www.ncbi.nlm.nih.gov/pubmed/20354892
http://doi.org/10.1007/s10822-007-9133-z
http://doi.org/10.1021/acs.jctc.8b01026
http://doi.org/10.1021/acs.jctc.5b00864
http://doi.org/10.1021/je000236i


Molecules 2022, 27, 5188 17 of 17

46. Schrödinger Release 2022-1: LigPrep; Schrödinger LLC: New York, NY, USA, 2021.
47. Schrödinger Release 2022-1: Epik Module; Schrödinger LLC: New York, NY, USA, 2021.
48. Lu, C.; Wu, C.; Ghoreishi, D.; Chen, W.; Wang, L.; Damm, W.; Ross, G.A.; Dahlgren, M.K.; Russell, E.; Von Bargen, C.D.; et al.

OPLS4: Improving Force Field Accuracy on Challenging Regimes of Chemical Space. J. Chem. Theory Comput. 2021, 17, 4291–4300.
[CrossRef] [PubMed]

49. Jorgensen, W.; Tirado-Rives, J. The OPLS [Optimized Potentials for Liquid Simulations] Potential Functions for Proteins, Energy
Minimizations for Crystals of Cyclic Peptides and Crambin. J. Am. Chem. Soc. 1988, 110, 1657–1666. [CrossRef] [PubMed]

50. Halgren, T. Identifying and characterizing binding sites and assessing druggability. J. Chem. Inf. Model. 2009, 49, 377–389.
[CrossRef]

51. Halgren, T. New method for fast and accurate binding-site identification and analysis. Chem. Biol. Drug Des. 2007, 69, 146–148.
[CrossRef]

52. Halgren, T.A.; Murphy, R.B.; Friesner, R.A.; Beard, H.S.; Frye, L.L.; Pollard, W.T.; Banks, J.L. Glide: A New Approach for Rapid,
Accurate Docking and Scoring. 2. Enrichment Factors in Database Screening. J. Med. Chem. 2004, 47, 1750–1759. [CrossRef]

53. Friesner, R.A.; Murphy, R.B.; Repasky, M.P.; Frye, L.L.; Greenwood, J.R.; Halgren, T.A.; Sanschagrin, P.C.; Mainz, D.T. Extra
Precision Glide: Docking and Scoring Incorporating a Model of Hydrophobic Enclosure for Protein-Ligand Complexes. J. Med.
Chem. 2006, 49, 6177–6196. [CrossRef]

54. Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A.; Klicic, J.J.; Mainz, D.T.; Repasky, M.P.; Knoll, E.H.; Shelley, M.; Perry, J.K.;
et al. Glide: A New Approach for Rapid, Accurate Docking and Scoring. 1. Method and Assessment of Docking Accuracy. J. Med.
Chem. 2004, 47, 1739–1749. [CrossRef]

55. van Gunsteren, W.F.; Billeter, S.R.; Eising, A.A.; Hünenberger, P.H.; Krüger, P.; Mark, A.E.; Scott, W.R.P.; Tironi, I.G. Biomolecular
Simulation: The GROMOS96 Manual and User Guide; Verlag der Fachvereine: Zürich, Switzerland, 1996; pp. 1–1024.

56. Oostenbrink, C.; Villa, A.; Mark, A.E.; van Gunsteren, W.F. A Biomolecular Force Field Based on the Free Enthalpy of Hydration
and Solvation: The GROMOS Force-Field Parameter Sets 53A5 and 53A6. J. Comput. Chem. 2004, 25, 1656–1676. [CrossRef]

57. Schüttelkopf, A.W.; van Aalten, D.M.F. PRODRG: A Tool for High-Throughput Crystallography of Protein-Ligand Complexes.
Acta Crystallogr. Sect. D Biol. Crystallogr. 2004, 60, 1355–1363. [CrossRef]

58. Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G.E.M. LINCS: A Linear Constraint Solver for Molecular Simulations. J. Comput.
Chem. 1997, 18, 1463–1472. [CrossRef]

59. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103, 8577–8593. [CrossRef]

60. Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-Log (N) method for Ewald sums in large systems. J. Chem. Phys.
1993, 98, 10089–10092. [CrossRef]

http://doi.org/10.1021/acs.jctc.1c00302
http://www.ncbi.nlm.nih.gov/pubmed/34096718
http://doi.org/10.1021/ja00214a001
http://www.ncbi.nlm.nih.gov/pubmed/27557051
http://doi.org/10.1021/ci800324m
http://doi.org/10.1111/j.1747-0285.2007.00483.x
http://doi.org/10.1021/jm030644s
http://doi.org/10.1021/jm051256o
http://doi.org/10.1021/jm0306430
http://doi.org/10.1002/jcc.20090
http://doi.org/10.1107/S0907444904011679
http://doi.org/10.1002/(SICI)1096-987X(199709)18:12&lt;1463::AID-JCC4&gt;3.0.CO;2-H
http://doi.org/10.1063/1.470117
http://doi.org/10.1063/1.464397

	Introduction 
	Result and Discussion 
	ADMET Analysis 
	Homology Modelling and Validation of Predicted 3D Structure of A. baumanni Efflux Protein 
	Validation of Docking Process 
	Molecular Docking 
	Molecular Dynamics 

	Materials and Methods 
	Preparation of Solvent Extract 
	Identification of Bioactive Compounds from Aerial Parts of A. pallens 
	Hardware and Software 
	Ligand-Based Pharmacokinetics Analysis 
	Homology Modelling and Protein Structure Prediction 
	Preparation of Protein and Ligand Molecules 
	Active Site Prediction 
	Molecular Docking 
	Molecular Dynamics (MD) Simulations Analysis 

	Conclusions 
	References

