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Aphanamixis polystachyamay be a natural, renewable resource against antibiotic-resistant bacterial infec-
tions. The antibacterial activity of A. polystachya leaf and bark extracts was investigated against three
antibiotic-resistant bacterial species and one fungus. Methanolic leaf extract showed only limited
antibacterial activity but both methanolic and aqueous bark extract showed high antimicrobial activity.
In an antioxidant activity test, leaf and bark extracts exhibited 50% free radical scavenging at a concen-
tration of 107.14 ± 3.14 lg/mL and 97.13 ± 3.05 lg/mL, respectively, indicating that bark extracts offer
more antioxidative activity than leaf extracts. Bark extracts also showed lower toxicity than leaf extracts.
This suggests that bark extracts may offer greater development potential than leaf extracts. The molec-
ular dynamics were also investigated through the simulated exploration of multiple potential interac-
tions to understand the interaction dynamics (root-mean-square deviation, solvent-accessible surface
area, radius of gyration, and the hydrogen bonding of chosen compounds to protein targets) and possible
mechanisms of inhibition. This molecular modeling of compounds derived from A. polystachya revealed
that inhibition may occur by binding to the active sites of the target proteins of the tested bacterial
strains. A. polystachya bark extract may be used as a natural source of drugs to control antibiotic-
resistant bacteria.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The pathogenic microbial species that alter normal body func-
tion are structurally or physiologically complicated and cause
many infectious diseases due to their antibiotic (Bhavsar et al.,
2007) and drug resistance (Amenu, 2014). Pathogenic Streptococcus
sp. are involved in skin and respiratory infections (Brouwer et al.,
2016), while E. coli and Pseudomonas sp. cause urological and gas-
trointestinal diseases (Zalewska-Piątek and Piątek, 2020). The
extensive use of antibiotics is the main factor in the development
of infectious microbes’ resistance to treatment (Pendleton et al.,
2013). Some antimicrobial agents increase these microbes’ resis-
tance against such commercially available antibiotics as gentam-
icin, penicillin, ciprofloxacin, erythromycin, tobramycin,
clindamycin, chloramphenicol, and vancomycin (Franklin, 2003).
The World Health Organization (WHO) reported that nearly
50,000 people die every day due to antibiotic-resistant infections
(Khademi et al., 2012), and 65% to 80% of the world also depends
on traditional medicine (Kaur and Arora, 2009). Local plants may
provide solutions for the control of infectious diseases. There are
an estimated 250,000 to 500,000 plant species in the world and
only a few have been studied to determine the uses of their phyto-
chemicals (Mahesh and Satish, 2008). Plant extracts are of great
interest to researchers seeking new drugs to treat antibiotic-
resistant microorganisms (Rayne and Mazza, 2007; Suffredini
et al., 2004).

Alkaloids, phenols, flavonoids, and tannins are essential sec-
ondary metabolites that have been found in plants and showed
antimicrobial properties (Djeussi et al., 2013; Duraipandiyan
et al., 2006). These plants have increased potential for the pharma-
ceutical and medical industries due to their bioactive compounds
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(Joana Gil-Chávez et al., 2013). Several studies showed that plant
species such as Moringa oleifera (Zaffer et al., 2014), Syzygium
cumini (Prasad and Swamy, 2013), Aphanamixis polystachya
(Rahman et al., 2017), Azadirachta indica (Francine et al., 2015),
and Aegle marmelos (Poonkothai and Saravanan, 2008), among
others, have antibacterial activity against pathogenic bacterial spe-
cies. Many plants with antioxidant properties have beneficial
health effects as well (Gayathri Devi et al., 2013; Subba and
Basnet, 2014). Free radicals in the body lead to oxidative stress
and are responsible for mechanisms of cancer, atherosclerosis, dia-
betes, and neurodegenerative and inflammatory diseases (Liguori
et al., 2018; Lushchak, 2014; R. et al., 2014). Antioxidants can delay
oxidation by scavenging free radicals and reducing oxidative stress
(Carocho and Ferreira, 2013; Tiwari, 2004).

Despite their therapeutic potential, many plants have toxic
effects on normal body cell functions (Baravalia et al., 2012). The
present study aims to determine the pharmacological and toxico-
logical action of A. polystachya leaves and bark. A brine shrimp
lethality assay is an effective and advisable test for the preliminary
assessment of toxicity (Manilal et al., 2009; Waghulde et al., 2019)
and this method can be performed with plant extracts to facilitate
the isolation of biologically active compounds (Pisutthanan et al.,
2004).

The present study aims to investigate the antimicrobial, antiox-
idant, and cytotoxic activity of A. polystachya leaf and bark extracts
under laboratory conditions. In addition, the proposed drugs were
investigated in a simulated human body environment (Poojary,
2020). This method is both cost- and time-effective for under-
standing the correlation between proteins and ligands (Mahmud
et al., 2021a, 2020b). The results of this investigation revealed high
antibacterial and antioxidant activity with reduced toxicity in A.
polystachya bark. In silico analysis was used to identify likely com-
pounds from A. polystachya bark with the potential to bind to
active sites in antibiotic-resistant bacteria and inhibit their activ-
ity. Molecular dynamics tests were performed to predict the for-
mation of convenient ligand-receptor complexes with optimized
conformations.
2. Materials and methods

2.1. Plant sample collection and authentication

A. polystachya leaves and bark samples were collected from dif-
ferent locations on the University of Rajshahi (Rajshahi, Bangla-
desh) campus and disease-free samples were placed in a sterile
zip bag for transport to the Microbiology Laboratory in the Depart-
ment of Genetic Engineering and Biotechnology at the University
of Rajshahi. The A. polystachya plant was identified (Herbarium
no. 33) by the Department of Botany at the University of Rajshahi.
Strains of the bacteria E. coli (ATCC-8739), Pseudomonas sp. (ATCC-
27833), and Staphylococcus sp. (ATCC-25923), and the fungus
Lasiodiplodia theobromae (CBS 112874) were acquired from the
Microbiology Laboratory in the Department of Genetic Engineering
and Biotechnology at the University of Rajshahi.
2.2. Preparation of extracts

The collected samples were washed under running tap water to
remove contaminants and dust and then dried at room tempera-
ture. Finally, the dried samples were powdered with an electric
grinder (Jaipan Family Mate, Mumbai, India). Methanolic extracts
were prepared according to the method described by Mariswamy
et al. (2011) in which 100 g of each sample was mixed with
500 mL of methanol solvent (Merck, Germany) for 5 days in an
orbital shaker (Hanna, Romania). For the aqueous extracts, 100 g
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of each sample was crushed with a mortar and pestle. The extracts
were filtered through Whatman no. 1 filter paper (Sigma-Aldrich,
India) to remove debris and kept in open containers at room tem-
perature for evaporation. The yield was 5.95 g methanolic bark
extract, 4.87 g methanolic leaf extract, 4.07 g aqueous bark extract,
and 4.17 g aqueous leaf extract. The prepared extracts were stored
in airtight vials at 4 �C until use.
2.3. Antibacterial activity test

Antibacterial activity was tested according to the method
described by Nostro et al. (2000). Whatman no. 1 filter paper
was cut into 6 mm discs and sterilized. Then, starting with extracts
at an adjusted final concentration of 5 mg/mL, the sterilized discs
were soaked with diluted extracts at concentrations of 50, l00,
and 150 lg/mL. Finally, 150 ll of each bacterial culture was seeded
on each agar plate, and the treated discs were placed on each plate
with sterile forceps. Kanamycin (Sigma-Aldrich, India) was used as
a control. The plates were incubated overnight at 37 �C for
observation.
2.4. Antifungal activity test

Antifungal activity was tested according to the method
described by Bahraminejad et al. (2011) with some modifications.
The extract concentration was adjusted to 5 mg/mL and spread at
2500 lg/mL on each potato dextrose agar (PDA) plate (Sigma-
Aldrich, India). The control plates were 100% methanol and auto-
claved distilled water. A 6-mm diameter fungal culture was placed
at the center of each plate and incubated at normal temperature in
dark conditions. After 7 days the diameter of the colony was mea-
sured. The inhibition percentage was calculated according to the
formula described by Sarkar et al. (2003).
2.5. Cytotoxicity assay

An in vitro cytotoxicity test was performed on brine shrimp
(Artemia salina) nauplii according to the method described by
Meyer et al. (1982). Brine shrimp (Biotech Pvt. Ltd. India) were
hatched at room temperature in a tank. Test tubes were prepared
with extract concentrations of 25, 50, 100, 200, 300, 400, and
500 lg/mL. Then, 20 live brine shrimp nauplii were placed in each
test tube with 5 mL seawater and kept at room temperature for
24 h. Finally, the LC50 (lethal concentration 50) was calculated by
plotting the results on a linear scatter graph in Excel.
2.6. Antioxidant activity test

Antioxidant activity was tested with DPPH (2,2-Diphenyl-1-Pi
cryl-Hydrazyl-Hydrate; Sigma-Aldrich, Bengaluru, India) in a free
radical scavenging assay according to the method described by
Rahman et al. (2015). The concentration of the extracts was
adjusted to 50, 100, 150, 200, and 250 lg/mL by adding methanol
and distilled water for methanolic and aqueous extract respec-
tively, Then, 1.5 mL of 0.1 mM DPPH solution was added to each
test tube. The samples were then incubated at room temperature
for 30 min in a dark place. Finally, absorbance at 517 nm was taken
using a spectrophotometer (Analytik Jena, Germany) with BHT
(Sigma-Aldrich, India) as a control (Jahan et al., 2020). The percent-
age of scavenging was calculated according to the formula
described by Mahmud et al. (2021b) and the IC50 (half maximal
inhibitory concentration) was calculated by plotting the results
on a linear scatter graph in Excel.



Gobindo Kumar Paul, S. Mahmud, Md. Mehedi Hasan et al. Saudi Journal of Biological Sciences 28 (2021) 6592–6605
2.7. Evaluation of MIC

The minimal inhibitory concentration (MIC) of two plant
extracts against selected microbes was tested by the tube dilution
method. Test tubes of the plant extracts at concentrations of 100,
50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, and 0.39 mg/mL were prepared,
and 1 mL of each microbial culture was added to each test tube and
incubated at 37 �C for observing microbial growth.
2.8. Observation of phytoconstituents

2.8.1. Phenolic test
The phenolic compounds were measured according to the

method described by Siddhuraju and Becker (2003). Test tubes
were prepared with 2 mg leaf or bark extract mixed with 2 mL dis-
tilled water, and then a 5% FeCl3 (Merck, India) solution was added.
The formation of a dark green color indicated the presence of phe-
nolic compounds.
2.8.2. Flavonoids test
The flavonoids test was carried out according to the method

described by Zhishen et al. (1999). Test tubes were prepared with
1 mg of each extract dissolved in 1 mL of distilled water, and then
concentrated HCl (Merck, Germany) was added. The formation of a
red color indicated the presence of flavonoids.
2.8.3. Alkaloids test
The alkaloids test was carried out according to the method

described by Bhandari et al. (2017). Test tubes were prepared with
2 mg of each extract mixed with a few drops of Mayer’s reagent
(Loba, India). The formation of white or pale-yellow precipitate
indicated the presence of alkaloids.
2.8.4. Terpenoids test
The terpenoids test was performed by mixing 5 mg extract sam-

ples with 2 mL of chloroform (DaeJung, Korea), and then adding
3 mL of concentrated H2SO4 (Merck, Germany). The formation of
reddish-brown precipitate indicated the presence of terpenoids
(Uddin et al., 2012).
2.8.5. Tannins test
The tannins test was performed by stirring 1 mg of each extract

continuously with distilled water, and then adding 5% FeCl3 (Mer-
ck, India) solution. The absence of blue-black precipitate indicated
the absence of tannins (Siddhuraju and Manian, 2007).
2.8.6. Steroids test
The steroids test was performed by dissolving 1 mg of leaf and

bark extract in 10 mL of chloroform and then adding an equal vol-
ume of concentrated H2SO4 (Merck, Germany). The formation of a
red color in the upper layer indicated the presence of steroids
(Senguttuvan et al., 2014).
Table 1
The grid box and box size of the docked pose in AutoDock Vina

Protein ID Center (Ǻ)

1hnj 26.1997 � 25.92 � 22.02
1jij �11.692 � 17.2899 � 91
1u1z 16.6338 � 44.9820 � 13
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2.9. Molecular docking study

2.9.1. Ligand preparation
The chemical compounds of A. polystachya (Rahman et al., 2017;

Saboo et al., 2014; Wang et al., 2013) were retrieved from the Pub-
Chem database after a deep literature review (Kim et al., 2016). The
compounds were extracted in 3D format and subjected to energy
minimization by employing a Merck molecular force field
(MMFF94).
2.9.2. Protein preparation
The protein crystal structures of E.coli (PDB ID: 1HNJ), Pseu-

domonas sp. (PDB ID: 1U1Z), and Staphylococcus sp. (PDB ID: 1JIJ)
were taken from a protein data bank. The protein structures were
initially cleaned and heteroatoms were removed with the aid of
Pymol software (version 2.4.0) and Discovery Studio software (ver-
sion 4.5.0). The cleaned proteins were energy minimized and opti-
mized in Swiss PDB Viewer software (version 4.1) and the
GROningen MOlecular Simulation (GROMOS) 431B force field
was used (Spoel et al., 2005). The quality and geometry of the pro-
tein structure were evaluated from the Ramachandran plot analy-
sis (Figure S3).
2.9.3. Molecular docking
To understand the binding dynamics of the target proteins and

compounds from Aphamixis polystachya, a molecular docking study
was carried out in the AutoDock Vina software package (version
1.1.2) (Goodsell et al., 1996; Trott and Olson, 2010). The protein
structure was loaded into the software and converted into macro-
molecules. Thereafter, the ligand molecules were converted to
PDBQT format. The center and grid box size of the docked com-
plexes are tabulated in Table 1. Lamarckian genetic algorithms
were applied to deal with ligand–protein interactions. The most
favorable free binding energy and docking orientations lying
within the range of 2.0 Å root-mean-square deviation (RMSD) were
used to cluster the molecules and rank them accordingly. The
molecular docking was performed with an energy range of 10, 20
modes, and an exhaustiveness of 8. Finally, the docked complexes
were analyzed for nonbonded interactions in Pymol (DeLano,
2002) and Discovery Studio (San Diego: Accelrys Software Inc.,
2012).
2.9.4. ADMET prediction
The chemical compounds that passed the docking study were

subjected to absorption, distribution, metabolism, excretion, and
toxicity (ADMET) filtering to identify the presence of desirable
properties to be considered in a lead molecule. Therefore, the
ADMETsar (http://lmmd.ecust.edu.cn › admetsar1) server was
employed to calculate absorption, distribution, metabolism, excre-
tion, and toxicity profiles using the canonical Simplified molecular-
input line-entry system (SMILES) notation of the ligand molecules
(Cheng et al., 2012). The PKCSM webserver (http://biosig.unimelb.
edu.au › pkcsm) was employed to calculate molecules’ adherence
to Lipinski’s rule of five (Pires et al., 2015).
software package.

Dimension (Ǻ)

57.68 � 56.578 � 46.1378
.74 43.90 � 66.9841 � 51.45
4.04 47.78 � 41.41 � 31.86

http://lmmd.ecust.edu.cn
http://biosig.unimelb.edu.au
http://biosig.unimelb.edu.au


Fig. 1. Antimicrobial activities of A. polystachya leaves and bark. (A) methanolic extract of leaves, (B) and (C) aqueous and methanolic extract of bark, (D) Antifungal activity
against Lasiodiplodia theobromae. Different significant letters indicate significant differences between mean ± SD of replications (n = 5) at a P � 0.05 significant level.

Fig. 2. The antioxidant activity of leaves and bark extracts. (A) Scavenging activity. (B) IC50 values of extracts with BHT standard. Different significant letters indicate
significant differences between mean ± SD of replications (n = 5) at a P � 0.05 significant level.
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2.9.5. Molecular dynamics
The molecular dynamics simulation study was conducted in Yet

Another Scientific Artificial Reality Application (YASARA) Dynam-
ics with the aid of the Assisted Model Building with Energy Refine-
ment (AMBER)14 force field (Land and Humble, 2018; Wang et al.,
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2004). The docked complexes were initially cleaned and optimized,
and the hydrogen bond network was optimized as well. The TIP3P
solvation model was used with a periodic boundary condition and
a cubic simulation cell was created (Harrach and Drossel, 2014).
The physiological conditions were set at a pH of 7.4, 310 K, and



Table 2
Phytochemical constituents present in A. polystachya leaves and barks extract.

Name of phytoconstituents Leaves Extract Barks Extract

Phenolic – ++
Flavonoids + +++
Alkaloids – ++
Terpenoids ++ +++
Tannins + ++
Steroids +++ +++

Note: Here + = slightly present, ++ = moderately present, +++ = highly present, and -
= absent.
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0.9% NaCl (Krieger et al., 2012). The simulation time step was set at
2.0 fs. The long-range electrostatic interaction was calculated by
the particle mesh Ewald (PME) method with a cutoff radius of
8.0 Å (Essmann et al., 1995). The initial energy minimization was
conducted with steepest gradient algorithms (5000 cycles) by sim-
ulated annealing methods. The simulation trajectories were saved
after every 100 ps and the final simulation run was conducted for
100 ns (Krieger and Vriend, 2015). The simulation trajectories were
utilized to analyze the root-mean-square deviation, the solvent-
accessible surface area, the radius of gyration, and hydrogen bond-
ing (Chowdhury et al., 2020; Munia et al., 2021; Pramanik et al.,
2021; Rakib et al., 2021; Uddin et al., 2021).
Fig. 3. Molecular docking interaction of the compounds from A. polystachya and FabH pr
101579586 and d, e,f indicates cartoon view, 2D view and surface view of CID-6780 res

6596
2.10. Statistical analysis

Graph Pad Prism (version 8.4) was used for analysis and prepa-
ration of all graph figures, in which all values are reported as the
mean ± SEM (standard error of the mean). The significance levels
***p < 0.001, **p < 0.01, and *p < 0.05 of all values were evaluated
with a one-way ANOVA (analysis of variance). Duncan’s multiple
range test (DMRT) was performed with SPSS Statistics software
(version 26) with five replications.
3. Results

3.1. Antibacterial activity test

The antibacterial activity of A. polystachya is shown in Fig. 1. The
methanolic leaf extract created an inhibition zone 12.18 ± 0.54 m
m, 13.52 ± 0.54 mm, and 12.86 ± 0.62 mm in diameter against
E. coli, Pseudomonas sp., and Staphylococcus sp., respectively
(Table S1, Fig. 1, and Figure S1), while the methanolic bark extract
created an inhibition zone 18.68 ± 0.67 mm, 20.10 ± 0.96 mm, and
18.60 ± 0.56 mm in diameter against E. coli, Pseudomonas sp., and
Staphylococcus sp., respectively (Table S2, Fig. 1, and Figure S2),
at a dose of 150 lg/mL. The aqueous leaf extract did not show
any antibacterial activity (Table S2, Fig. 1, and Figure S1), whereas
the aqueous bark extract created an inhibition zone 14.22 ± 0.50
otein of E. coli. Here, a, b, c indicates cartoon view, 2D view and surface view of CID-
pectively.
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mm, 12.42 ± 0.29 mm, and 9.60 ± 0.29 mm in diameter for E.coli,
Pseudomonas sp., and Staphylococcus sp., respectively, at a dose of
150 lg/mL (Table S2 and Fig. 1). These results indicate that the
bark offers greater drug development potential than the leaves.
3.2. Cytotoxicity test

The results of the brine shrimp cytotoxicity assay (LC50) for A.
polystachya leaf and bark extracts are shown in Table S3. The
LC50 values of methanolic and aqueous A. polystachya leaf extracts
were 232.30 ± 4.08 lg/mL and 221.89 ± 4.24 lg/mL, respectively,
whereas those of methanolic and aqueous A. polystachya bark
extract were 251.70 ± 5.86 lg/mL and 238.25 ± 4.78 lg/mL, respec-
tively. These results indicate a high positive correlation of bark
extract concentration with brine shrimp mortality and show that
A. polystachya bark is less toxic than the leaves.
3.3. Antioxidant screening assay

The A. polystachya bark extract showed DPPH free radical scav-
enging activity of 94.39% while the leaf extract and BHT control
activity was 89.10% and 95.10%, respectively, at 200 lg/mL concen-
tration (Fig. 2A and Table S5). The IC50 values of leaf extract, bark
extract, and BHT were 107.14 ± 3.14 lg/mL, 97.13 ± 3.05 lg/mL,
and 64.02 ± 2.01 lg/mL, respectively (Fig. 2B and Table S5). These
results indicate that the bark extract had moderately high antiox-
idant activity compared with the leaf extract and the BHT control.
3.4. MIC test

The MIC of methanolic leaf extract was 6.25 mg/mL, 6.25 mg/mL,
12.5 mg/mL, and 12.5 mg/mL against E. coli, Pseudomonas sp., Staphy-
lococcus sp., and Lasiodiplodia theobromae, respectively. The MIC of
methanolic bark extract was 3.125 mg/mL, 1.56 mg/mL, 3.125 mg/
mL, and 3.125 mg/mL, respectively (Table S6).
Table 3
Non-covalent interaction of the ligand molecules against three target proteins and their bin
Pi-Stacked, and Pi-Alkyl interactions respectively. The distance of the interactions was me

Complex Amino Acid Residues Bond Ty

1hnj-101579586 Leu12
Arg61
Arg271
Arg289

H
H
H
H

1hnj-6780 Arg151
Trp32

E
PPS

1jij-9548705 Leu173
Ile78
Leu128
Ile131
Phe136

A
A
A
A
PA

1jij-101579586 Arg58
Asn109
Phe306
Phe273

H
H
H
PA

1u1z-90785 Leu72
Gly73
Ile28
Lys31
Phe113
Trp121

H
H
A
A
PA
PA

1u1Z-9548705 Lys31
Leu72
Ile28
Leu77
Phe113
Trp121

A
A
A
A
PA
PA
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3.5. Phytoconstituent screening

The methanolic leaf extract showed the presence of flavonoids,
terpenoids, tannins, and steroids, and the absence of phenols and
alkaloids; bark extracts showed the presence of flavonoids, ter-
penoids, tannins, steroids, phenols, and alkaloids, and are shown
in Table 2.
3.6. Molecular docking study

In this study, four phytochemicals from A. polystachya were
screened based on lower binding energy. These ligand molecules,
CID-101579586, CID-6780, CID-9548705, and CID-90785, were
renamed D1, D2, D3, and D4, respectively. The D1 and D2 com-
pounds showed higher binding affinity compared with the other
chemical compounds of A. polystachya. The D1 and D2 compounds
exhibited binding affinity energies of �7.6 Kcal/mol and �8.1
Kcal/mol, respectively. The D1 interaction with the FabH protein
complex from E. coli was stabilized by four hydrogen bonds
(Fig. 3 and Table 3) at Leu12 (2.13 Å), Arg61 (2.31 Å), Arg271
(3.09 Å), and Arg289 (2.75 Å). On the other hand, D2, which
showedmore binding affinity energy than D1, also had one electro-
static bond at Arg151 (3.69 Å) and one pi-pi interaction at Trp32
(3.66 Å).

The D1 compound interaction with aminoacyl-tRNA syn-
thetases of Staphylococcus aureus formed three hydrogen bonds
with Arg58 (2.01 Å), Asn109 (3.06 Å), and Phe306 (2.80 Å) (Fig. 4
and Table 3). This complex also featured one pi-alkyl bond at
Phe273 (4.34Ǻ). D2 showed a limited binding affinity for 1JIJ and
so was not considered for this protein. However, D3 had�7.9 kcal/-
mol binding affinity energy for 1JIJ and created four alkyl bonds at
Leu173 (4.93 Å), Ile78 (4.82 Å), Leu128 (4.39 Å), and Ile131
(5.20 Å), and one pi-alkyl bond at Phe136 (3.73 Å). D3 and FabZ
have four alkyl bonds at Lys31 (4.56 Å), Leu72 (3.99 Å), Ile28
(5.21 Å), and Leu77 (5.32 Å), and two pi-alkyl bonds at Phe113
(5.43 Å), and Trp121 (4.94 Å) (Fig. 5 and Table 3). Meanwhile,
ding interactions; where H, A, E, PPS, PA defines the hydrogen, alkyl, Electrostatic, Pi-
asured in Å.

pe Distance(Å) Docking Energy(Kcal/mol)

2.13
2.31
3.09
2.75

�7.6

3.69
3.66

�8.1

4.93
4.82
4.39
5.20
3.73

�7.9

2.01
3.06
2.80
4.34

�8.7

2.74
2.51
4.86
4.99
4.50
5.48

�8.4

4.56
3.99
5.21
5.32
5.43
4.94

�7.9
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the D4 compound had the highest binding affinity energy (-8.4
Kcal/mol) of all compounds that were run against 1ULZ (Table 3).
This complex had two hydrogen bonds at Leu72 (2.74 Å) and
Gly73 (2.51 Å), and four hydrophobic interactions at Ile28
(4.86 Å), Lys31 (4.99 Å), Phe113 (4.50 Å), and Trp121 (5.48 Å).
3.7. Admet

The ADMET characteristics were evaluated through the ADMET-
SAR webserver. Molecular weight, logP, human intestinal absorp-
tion, blood–brain barrier permeability, P-glycoprotein inhibition,
carcinogenicity, AMES toxicity, and human ether-a-go-go (hERG)
inhibition were checked for the ligand molecules. The results
showed that, except for ligand D1, the screened ligand molecules
have molecular weights lower than 500 Da (Table 4), although
the molecular weight of D1 did not exceed this threshold by much.
The blood–brain barrier plays a critical role in maintaining the
homeostasis of the brain as it regulates the entry of ions, macro-
molecules, and neurotransmitters (Pimentel et al., 2020), whereas
human intestinal absorption parameters can act as indicators of
the bioavailability of drug candidates and are among the funda-
mental indicators for the preclinical evaluation of drug candidates
(Wang et al., 2017). All ligand molecules showed positive results in
human intestinal absorption, blood–brain barrier permeability,
and P-glycoprotein inhibition. In addition, the toxicity and carcino-
genicity predictions confirmed that none of the ligand molecules
were likely to cause negative effects, and only D2 was anticipated
Fig. 4. Binding interaction of tRNA syntheses of Staphylococcus aureus and plant compoun
and d, e, f indicates cartoon view, 2D view and surface view of CID-9548705 respective
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to be toxic according to the AMES toxicity test. The final test
assessed hERG inhibition, which plays a vital role for cardiac action
potential generation; inhibition of hERG is associated with cardiac
death and QT prolongation. Among the four compounds, only D2
showed potential to inhibit hERG, which suggests the other three
compounds are suitable for further lab experiments.

The Lipinski rule-of-five properties were calculated to explore
the drug-likeness properties of the four ligand molecules isolated
from A. polystachya. In general, compounds need to follow the Lip-
inski rule to be acceptable as drugs; however, for certain drugs,
such as cancer drugs, some of the rules are violated. So, violation
of some Lipinski rule properties may be acceptable if the com-
pounds possess certain other drug-likeness properties (Mahmud
et al., 2021c, 2020b; Swargiary et al., 2020). However, the com-
pounds need to have a molecular weight below 500 Da, �5H-
bond donors, �10H-bond acceptors, and a logP � 5 to follow the
Lipinski rule. D1 had a molecular weight of over 500 Da
(630.731) but it followed the other rules (Fig. 3). The other three
ligand molecules (D2, D3, and D4) met the Lipinski rule of five in
molecular weight, hydrogen bond donors, hydrogen bond accep-
tors, and logP solubility (Table 5).
3.8. Molecular dynamics

3.8.1. FabH protein complex from E. Coli
The molecular dynamics simulation study was conducted to

validate the docking conformations and rigidity of the docked com-
ds. Here, a, b, c indicates cartoon view, 2D view and surface view of CID-101579586
ly.



Fig. 5. Docking simulation between FabZ of Pseudomonas aeruginosa and plant compounds. Here, a, b, c indicates cartoon view, 2D view and surface view of CID-9548705 and
d, e, f indicates cartoon view, 2D view and surface view of CID-90785 respectively.

Table 4
Pharmacological and toxicity prediction of the filtered compound from A. polystachya from ADMETSAR, and PKCSM tools where every compounds had almost favorable drug
likeness properties.

Parameter 101579586/D1 6780/D2 9548705/D3 90785/D4

Molecular Weight 630.73 208.22 204.36 222.37
AlogP 4.09 2.46 5.04 3.92
Human Intestinal Absorption 0.9722(+) 0.9956(+) 0.9692(+) 0.9892(+)
Blood Brain Barrier 0.9557(+) 0.8566(+) 0.9962(+) 0.9798(+)
P-Glycoprotein Inhibitor 0.8199 0.9169 0.9428 0.9098
Carcinogenicity 0.9429(-) 0.7122(-) 0.5827(-) 0.8714(-)
AMES toxicity 0.5750(-) 0.7300(+) 0.9900(-) 0.7500(-)
Humane ither-a-go-go inhibition 0.7033(+) 0.8277(-) 0.7064(+) 0.4551(-)

Table 5
The Lipinski rule of five for best four compounds, which was calculated from the PKCSM webserver.

Parameters 101579586/D1 6780/D2 9548705/D3 90785/D4

Molecular Weight 630.731 208.216 204.253 222.732
LogP 4.097 2.24 5.03 3.92
Hydrogen Bond Donor 1 1 1 1
HydrogenBond Acceptors 11 2 1 1
Surface Area 263.153 92.356 94.774 99.941
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plexes. The root-mean-square deviations of the C-alpha from the
FabH protein complex derived from E. coli and the best ligand com-
plexes are shown in Fig. 6. The D1 complex showed an increase in
RMSD after 10 ns by following the upward movements, whereas
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the D2 complex showed the opposite trend. This might be due to
the conformational variability of D1 complexes after 10 ns. How-
ever, both the D1 and D2 complexes maintained a stable RMSD
after 20 ns for the rest of the simulation period. However, the



Gobindo Kumar Paul, S. Mahmud, Md. Mehedi Hasan et al. Saudi Journal of Biological Sciences 28 (2021) 6592–6605
solvent-accessible surface area (SASA) of the complexes showed
slightly different trends. The D1 complexes had higher SASA while
the D2 complexes had lower SASA. This might be due to the
increased surface area of the D1 complex. The radius of gyration
(Rg) profile from the simulation trajectories was assessed to exam-
ine the degree of the flexibility of the complex. The figure shows
that the D1 and D2 complexes had steady Rg profiles, indicating
a lower degree of flexibility in the complex. The hydrogen bonds
of the drug-protein complex determine the stability and firmness
of the complex. The figure indicates that the hydrogen bonds of
both complexes were in a less volatile state.
3.8.2. Aminoacyl-tRNA synthetases of Staphylococcus aureus
The RMSD of the aminoacyl-tRNA synthetase complexes was

upward-trending from the beginning of the simulation, which
might be due to the conformational variations of the complexes.
However, the RMSD trend stabilized in the D1 and D3 complexes
after they reached a steady state, and these maintained a similar
profile until the end of the simulation period. The overall RMSD
trend of the two complexes was below 2.5 Å, which demonstrates
the stability of the complexes. The higher SASA is due to the exten-
sion of the surface area whereas the lower SASA correlates with the
condensed nature of the protein systems. Fig. 7 indicates that the
D3 complex had higher SASA upon ligand binding, and this might
be due to the amplified flexibility of the protein-drug complex.
The D1 complex had the lower SASA profile. The Rg profiles of
the D1 and D3 complexes were similar, but these deviated between
20 ns and 40 ns. This indicates folding and a change in the confor-
mation of the complexes. However, the two complexes had lower
degrees of flexibility as measured by Rg over the rest of the simu-
Fig. 6. The molecular dynamics simulation study of FabH protein of E. coli and D1 and D
radius of gyration, (d) hydrogen bond.
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lation, which confirms the stable and rigid profile of the simulated
complexes. The hydrogen bonds of both the D1 and D3 complexes
were similar and did not change during the simulation.

3.8.3. (3R)-hydroxyacyl-ACP dehydratase (FabZ) from Pseudomonas
sp.

The RMSD profiles from the (3R)-hydroxyacyl-ACP dehydratase
(FabZ) complexes (D3 and D4) were also assessed to validate the
docking study. Both complexes formed with this protein had lower
RMSD from the beginning but experienced an intermittent increase
after 40 ns (Fig. 8). Both the D3 and D4 complexes had stable
trends after 40 ns until the last phase of the simulation, which
assessed the rigidity of the complexes. The SASA of the D3 and
D4 complexes trended similarly after 40 ns and had a stable profile
as well. The Rg profiles of the two complexes differ slightly from
the others, which demonstrates the more labile and mobile nature
of the D3 and D4 complexes. The hydrogen bond pattern of both
complexes demonstrates their stable state.
4. Discussion

Plant-derived phytochemicals have recently garnered more
interest as a source of novel drug candidates and pharmaceutical
therapeutics against infectious diseases (Zhang et al., 2013). Many
plant parts exhibit antimicrobial and antioxidant activities
(Beuchat, 1994; Hara-Kudo et al., 2004; Stewart et al., 1998). The
results of this research confirm the potential medicinal use of A.
polystachya bark, which can be considered a good source of medi-
cine due to its considerable application in complaints such as res-
piratory, urological, gastrointestinal, liver, and spleen disorders.
2 complexes, (a) root mean square deviation, (b) solvent accessible surface area, (c)



Fig. 7. The simulation study of tRNA syntheses of Staphylococcus aureus and D1, D3 complexes where a, b, c, d indicates (a) root mean square deviations, (b) solvent accessible
surface area, (c) radius of gyration, and (d) hydrogen bond respectively.
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The antimicrobial activity of A. polystachya leaf and bark extracts
has been tested against four microbial stains, but only bark
extracts exhibited significant antimicrobial activity against the
tested microorganisms (Fig. 1).

The presence of phytoconstituents such as phenols, flavonoids,
terpenoids, tannins, and steroids are usually important indicators
that a plant extract’s antioxidant properties may be able to inhibit
the enzymes that are essential for microbial replication (Das et al.,
2018). A DPPH free radical scavenging assay is the preferred mea-
surement of the antioxidant activity of plant compounds (Choi
et al., 2000), and specific compounds exhibit anticancer activity
(XiaoPing et al., 2009). The present investigation also indicated
that the bark extract of A. polystachya showed high antioxidant
activity (Fig. 2A). A study also reported that some plants had a less
toxic effect on brine shrimp in lethality assays (Carballo et al.,
2002), a claim that is significantly supported by the present inves-
tigation. The bark extracts showed lower toxicity than leaves
(Table S3 and S4), and the mortality rate increased according to
the increase in the concentration. As the LC50 was high for both
bark extracts, these can be considered biological agents with high
potential for molecular docking studies.

Plant antioxidants can protect cells from damage by free radi-
cals and molecular docking studies are used to find the interaction
dynamics of a protein complex. These two studies were integrated
to identify the pharmacological properties of the bark extract.
Antioxidant activity can be checked via molecular docking under
in silico conditions, but in this study, the antioxidant activity was
assessed under lab conditions and molecular docking was used
only to assess the properties of phytochemicals derived from A.
polystachya bark against target proteins. The results suggest that
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the bark extract has higher antioxidant and antimicrobial activity
than the leaf extract with less cytotoxicity. Thus A. polystachya bark
extracts show high potential as sources for developing drugs to
treat antibiotic-resistant microbes.

Furthermore, a combination of molecular docking and molecu-
lar dynamics study enables the identification of potent inhibitors
from diverse datasets. This study provides crucial understanding
of ligand–protein interactions, along with the target binding sites
(Mahmud et al., 2021d). Moreover, multiple studies were con-
ducted in search of effective inhibitors against target proteins
due to advancements in the development of computational algo-
rithms as well as the exploration of the specific interaction dynam-
ics of ligand–protein complexes (DaRoch, n.d.; Eissa et al., 2021;
Rahman et al., 2020).

Bacterial fatty acid synthesis and the elongation of fatty acids
can be initiated by FabH, one of the beta-ketoacyl-acyl-carrier pro-
tein synthases (Cronan Jr. and Rock, 2008; Heath and Rock, 1996;
Tsay et al., 1992). In the development of antibacterial and antimi-
crobial drugs, FabI (enoyl-ACP reductase) and FabH have been tar-
geted especially; isoniazid for tuberculosis operates in this way, as
do cerulenin and thiolactomycin (Banerjee et al., 1994; Mdluli
et al., 1998; Moche et al., 1999; Rozwarski et al., 1998). The FabH
protein of E. coli is comprised of two monomeric structures with
N terminal and C terminal domains where acetyl-CoA binds in
the substrate binding zone (Fig. 3). The CoA adenosine ring
between Arg151 and Trp32 and a hydrogen bond between Thr28
and Arg151 were observed. In our docking study, the D2 compound
created a nonbonded interaction with the FabH protein in these
active grooves, which might be a source of inhibition. These
hydrophobic interactions were supported by the interaction of



Fig. 8. The dynamics simulation study of the FabZ of Pseudomonas aeruginosa and D3 and D4 complexes, where (a) root mean square deviation, (b) solvent accessible surface
area, (c) radius of gyration, (d) hydrogen bond.
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FabH and CoA where similar binding patterns were observed (Qiu
et al., 2001a).

On the other hand, charged tRNA production can be initiated by
aminoacyl-tRNA synthetase-driven protein synthesis. During this
process, an amino acid is bonded to an ATP molecule to create a
stable aminoacyl-adenylate intermediate, which ultimately binds
to its cognate tRNA and forms a charged tRNA molecule. This pro-
tein is a potential target for the antibacterial activity of phyto-
chemicals and drug molecules in Staphylococcus aureus (Fersht
et al., 1988; Schimmel et al., 1998). Previous crystal structure stud-
ies suggest that the alpha-helical domain of this protein consists of
five helices and the alpha/beta domain contains a six-stranded
beta-sheet with an active site cleft. The co-crystalized ligand mole-
cules created hydrophobic bonds with Tyr169, Asp78, Gln173,
Asp176, Tyr34, and Lys82 which aligns with the observed binding
interaction between D3 and tRNA synthetases (Fig. 4) of Staphylo-
coccus aureus (Brick and Blow, 1987; Brown et al., 1987). Moreover,
the binding of SB-284485 and the crystal structure also confirmed
similar interactions (Qiu et al., 2001b).

The fatty acid biosynthesis system is required for the formation
of bacterial membranes, which makes it an attractive target for
antibacterial drugs. This fatty acid biosynthesis process is cat-
alyzed by FabZ in Pseudomonas aeruginosa (Kimber et al., 2004).
Both D3 and D4 compounds interacted with the active sites of
FabZ, inhibiting the targeted FabZ protein (Fig. 5).

The pharmacological properties of drug candidates must be
assessed appropriately to be approved for further clinical experi-
ments but the expense of clinical experiments and laboratory use
makes it difficult to evaluate drug molecules vigorously. In silico
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ADMET prediction is a suitable tool to screen the likely compounds
based on desirable pharmacological characteristics (Mahmud et al.,
2020a, 2020b). In the present study, all chosen compounds possess
favorable pharmacological properties, although some deviations
from Lipinski’s rule of five were observed.
5. Conclusion

Plants have become a useful source of treatment due to their
wide availability, reduced side effects, and increased specificity
compared with synthetic compounds. To treat antibiotic-resistant
bacterial infections, A. polystachya bark extracts may be potent
inhibitors of select stains. The antioxidant and lethality assess-
ments of the bark extracts also showed significant effects with a
low risk of negative effects, and the isolated compounds were able
to bind with the tested microbial strains. Through molecular dock-
ing assays, aphanalide A, anthraquinone, germacrene a, and bul-
nesol were found to have the highest target binding affinities for
these strains. The structural rigidity of the complexes formed
was also confirmed by molecular dynamics simulations. This study
may help future researchers identify an effective drug for the con-
trol of E. coli, Pseudomonas sp., and Staphylococcus sp. infections.
Further experiments should explore the safety profiles of the can-
didate components derived from A. polystachya bark.
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Zalewska-Piątek, B., Piątek, R., 2020. Phage therapy as a novel strategy in the
treatment of urinary tract infections caused by e. Coli. Antibiotics 9, 1–20.
https://doi.org/10.3390/antibiotics9060304.
6605
Zhang, A., Sun, H., Wang, X., 2013. Recent advances in natural products from plants
for treatment of liver diseases. Eur. J. Med. Chem. 63, 570–577. https://doi.org/
10.1016/j.ejmech.2012.12.062.

Zhishen, J., Mengcheng, T., Jianming, W., 1999. The determination of flavonoid
contents in mulberry and their scavenging effects on superoxide radicals. Food
Chem. 64 (4), 555–559. https://doi.org/10.1016/S0308-8146(98)00102-2.

https://doi.org/10.1016/j.carbpol.2009.01.009
http://refhub.elsevier.com/S1319-562X(21)00605-7/h0485
http://refhub.elsevier.com/S1319-562X(21)00605-7/h0485
http://refhub.elsevier.com/S1319-562X(21)00605-7/h0485
https://doi.org/10.3390/antibiotics9060304
https://doi.org/10.1016/j.ejmech.2012.12.062
https://doi.org/10.1016/j.ejmech.2012.12.062
https://doi.org/10.1016/S0308-8146(98)00102-2

	Biochemical and in silico study of leaf and bark extracts from Aphanamixis polystachya against common pathogenic bacteria
	1 Introduction
	2 Materials and methods
	2.1 Plant sample collection and authentication
	2.2 Preparation of extracts
	2.3 Antibacterial activity test
	2.4 Antifungal activity test
	2.5 Cytotoxicity assay
	2.6 Antioxidant activity test
	2.7 Evaluation of MIC
	2.8 Observation of phytoconstituents
	2.8.1 Phenolic test
	2.8.2 Flavonoids test
	2.8.3 Alkaloids test
	2.8.4 Terpenoids test
	2.8.5 Tannins test
	2.8.6 Steroids test

	2.9 Molecular docking study
	2.9.1 Ligand preparation
	2.9.2 Protein preparation
	2.9.3 Molecular docking
	2.9.4 ADMET prediction
	2.9.5 Molecular dynamics

	2.10 Statistical analysis

	3 Results
	3.1 Antibacterial activity test
	3.2 Cytotoxicity test
	3.3 Antioxidant screening assay
	3.4 MIC test
	3.5 Phytoconstituent screening
	3.6 Molecular docking study
	3.7 Admet
	3.8 Molecular dynamics
	3.8.1 FabH protein complex from E.&blank;Coli
	3.8.2 Aminoacyl-tRNA synthetases of Staphylococcus aureus
	3.8.3 (3R)-hydroxyacyl-ACP dehydratase (FabZ) from Pseudomonas sp.


	4 Discussion
	5 Conclusion
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


