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Molecular Docking, Dynamics Simulation, and Scanning Electron Microscopy (SEM)
Examination of Clinically Isolated Mycobacterium tuberculosis by Ursolic Acid:
A Pentacyclic Triterpenes
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Abstract: The purpose of this study was to analyze the inhibitory action of ursolic acid
(UA) as an antitubercular agent by computational docking studies and molecular
dynamics simulations. The effect of UA on the cell wall of Mycobacterium tuberculosis
(MTB) was evaluated by using Scanning Electron Microscopy (SEM). UA was used as a
ligand for molecular interaction and investigate its binding activities to a group of
proteins involved in the growth of MTB and the biosynthesis of the cell wall.
Computational docking analysis was performed by using autodock 4.2.6 based on scoring
functions. UA binding was confirmed by 30 ns molecular dynamics simulation using
gromacs 5.1.1. H37Rv sensitive strain and isoniazid-resistant strain were used in the SEM
study. UA showed to have the optimum binding affinity to inhA (Two-trans-enoyl-ACP
reductase enzyme involved in elongation of fatty acid) with the binding energy of -9.2
kcal/mol. The dynamic simulation showed that the UA-inhA complex relatively stable
and found to establish hydrogen bond with Thr196 and Ile194. SEM analysis confirms
that UA treatment in both sensitive strain and resistant strain affected the morphology
cell wall of MTB. This result indicated that UA could be one of the potential ligands for
the development of new antituberculosis drugs.
Keywords: antituberculosis; ursolic acid; docking molecular; molecular dynamics
simulation; Scanning Electron Microscopy (SEM)

■

INTRODUCTION

Tuberculosis (TB) is an infectious disease that
includes the ten most common cause of death in the world
[1]. WHO [2] has reported that more than 30% of the
world’s population is infected with Mycobacterium
tuberculosis (MTB) and 10% of that population become
active patients during their lifetime. The control of this
disease is getting difficult nowadays because of the
Multidrug-Resistant (MDR) TB strains phenomena and
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its association with Human Immunodeficiency Virus
(HIV). In 2014, 4,800,000 people developed MDR-TB in
the world and 1.9% of TB cases with MDR-TB in
Indonesia [3]. Based on that fact, new antituberculosis
(anti-TB) agents that are effective in TB treatment need
to be discovered.
Ursolic acid (3β-hydroxyl-12-en-28-oic acid) (UA)
belongs to pentacyclic triterpenoid that widely found in
numerous plants and several herbal medicines [4]. This
compound is well-known to have various biological
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activities including anti-inflammatory [5], anticancer [6],
antioxidant [7-9] and antibacterial [6]. The study of the
antibacterial properties of pentacyclic triterpenoids [1011] and the activity of these compounds has been shown
can enhance bacterial susceptibility to other compounds,
including antibiotics [12]. In vitro study of UA found that
it has activity as anti-TB with Minimum Inhibitory
Concentration (MIC) in sensitive and resistant strains of
MTB. UA has also displayed a synergistic interaction
when combined with isoniazid (INH), rifampicin,
ethambutol, and streptomycin [13]. The in vivo study was
also found that UA showed a significant reduction of
activity in rats induced by MTB H37Rv sensitive strain
and MDR strains [14]. However, the in silico study of UA
to proteins in MTB and the mechanism of action of this
compound are still unclear and limited.
There are various proteins involved in the
biogenesis of the cell wall and physiological functions of
MTB have become targets for the development of anti-TB
drugs. Two-trans-enoyl-ACP reductase (InhA) and βketoacyl-ACP reductase (MabA) are inhibited by
isoniazid (INH) which is known as front-line anti-TB
drugs [15-16]. These proteins are responsible for the
production of long chain fatty acid derivatives that are key
precursors to mycolic acids and belong to the type-II fatty
acid elongation system (FAS-II) [15,17]. They display the
same specificity for long-chain substrates and are
similarly inhibited by the front-line anti-TB drug INH.
Another target is the protein pantothenate kinase (PanK,
type I) from pantothenic acid which is known to be
essential for the growth of MTB and involved as a cofactor
in the biosynthesis of Coenzyme A (CoA) [18]. PKS18 and
PKS11 proteins are found in the cell envelope of MTB and
important in the biosynthesis of long-chain α pyrones to
construct the mycolic acid and multi methyl-branched
fatty acid. RNA polymerase β subunit (rpoB) is a protein
encoded by rpoB gene that important in the biosynthesis
of a protein essential of MTB. Rifampicin is an anti-TB
drug which is known to inhibit this protein [19-20].
The aim of this study was to test the efficiency of UA
against some receptors in MTB using molecular docking
studies. For further study, the best interaction occurred
between UA as ligand and proteins as receptor were
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evaluated using molecular dynamics simulations. The
effect of UA in cell walls of MTB was also evaluated by
Scanning Electron Microscopy (SEM).
■

EXPERIMENTAL SECTION

Macromolecule Preparation

The crystal structure of MTB InhA (1BVR), mabA
(1UZN), panK type 1 (3AF3), PKS 18 (1TED), rpoB
(5HUB), and Gyrase B (4BAE) were obtained from the
Protein Data Bank (RCSB PDB, https://www.rcsb.org/).
The PDB file was prepared using software discovery
studio. Discovery Studio Visualizer (DSV) v16.1.0.15350,
was used to remove all water molecules and
heteroatoms. The ligand binding domains of MTB InhA,
mabA, panK type 1, PKS 18, rpoB, and gyrase B were
also predicted using DSV v16.1.0.153500 software.
Ligand Preparation

UA as a ligand structure was built with
MarvinSketch and the geometry structure was
optimized by using Gaussian09 on the Austin Model 1
(AM1) semi-empirical method. The calculation used the
Gasteiger charge and added partial charges to the ligand
atoms prior to docking [21]. After minimization of the
energy conformation, the structure with the lowest
energy was selected and prepared for docking study.
Molecular Docking Analysis

The molecular docking analysis between UA in the
active sites of MTB proteins was performed by using
software autodock 4.2.6.Autodock Tools (ADT) was
used to set the Grid box parameters [22-23]. All the six
targets and ligand were prepared by addition of
hydrogens and Gasteiger charges. The docking process
was also used the Lamarckian genetic algorithm to get
the best conformation between ligand and receptor with
the population size of 100 individuals.
Molecular Dynamics Simulation Protocol

Minimization of potential energy and MD
simulations were run using GROMACS 5.1.1.
AMBER99SB-ILDN was used as a force field in its
simulations and AnteChamber Python Parser interface
(ACPYPE) was used to parameterize the topologies,
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atomic types, and charges [24]. The protein complexes
were solvated by cubic explicit water molecules solvent.
The parameter conditions such as pressure and the
temperature were maintained constant during the
simulation. Sodium and chlorine ion was added to the
system as simulation setup neutralizer. Energy minimized
structures of the protein complex was used as a starting
point for MD simulations. Production runs of 30 ns with
an integration time step of 0.2 ps were performed at a
constant temperature and pressure using the leapfrog
algorithm. LINCS algorithm was used to constrain all
bonds during the equilibration while the particle-mesh
Ewald algorithm approximated long-range ionic
interactions. Trajectory snapshots were stored at every
0.2 ps during the simulation period, and 3D coordinate
files harvested after every 2 ns for post-dynamic analysis.
Analysis of Trajectory Files

Root-Mean-Square Deviation (RMSD) and RootMean-Square Fluctuation (RMSF) were analyzed through
the use of g_rmsd and g_rmsf respectively. It was
determined on the basis of donor-hydrogen acceptor
angle greater than 90 nm and donor-acceptor distance
lesser than 3.9 nm [25].
Microorganism

Clinically isolated H37Rv sensitive strain and INH
resistant strain of MTB was used as microorganisms in
this study. All bacterias were provided from the
Laboratory of Health Development, West Java Province.
Bacterial strains were maintained by subculture on
Lowenstein Jensen (LJ) media for 3 weeks at 37 °C for
their favorable growth.
Reagents and Antibiotics

Antibiotics INH and UA were purchased from
Sigma Aldrich for the study and drug control. INH was
prepared in deionized water. Dimethyl sulfoxide (DMSO)
(Merck) was used as a solvent for UA with the
concentration of 0.5% v/v [26].
Determination
of
Concentration (MIC)

Minimum

Inhibitory

The antimycobacterial activity of UA against two
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different strains of MTB was tested by susceptibility test
using proportion methods in LJ media. Mc Farland no.1
turbidity standard was used as the comparison to get the
inoculum 3×106 cfu/mL and 100 µL bacteria suspension
containing approximately 3×105 cfu/mL were spotted
onto LJ media in Mc Cartney tubes. Cultivation was
done at 37 °C for 8 weeks and MICs were read as
minimum concentrations of drugs completely inhibiting
visible growth of the organisms.
Preparation of Cells for SEM

The preparation of cells for SEM study was done as
described by Jyoti et al. [27]. MTB cells in their early log
phase were washed by PBS and harvested by
centrifugation. Approximately, an equal amount of cells
were suspended in 7H9-S media and treated with UA
and INH at their 10×MIC concentration for 24 h in 37 °C.
After that, MTB Cells were centrifugated again at 3000
RCF for 10 min and washed with 0.1 M phosphate buffer
pH 7.3. Glutaraldehyde 2.5% was used to fixed the cells
for 24 h and washed again with 0.1 M PB. Continuously,
osmium tetraoxide 2% in 01 M sodium cacodylate buffer
was used in the post-fixation and washed again with PB
as described earlier. Cells were then dehydrated in a
series of ethanol gradient (50, 60, 70, 90, and 100%
ethanol). After the preparation of the samples, bacteria
surface was examined using Scanning Electron
Microscopy SUE3500 (JEOL JMS-840 Japan) with the
accelerating voltage of 5 kV. Microphotographs were
taken at magnifications ranging from 500x to 10,000x.
■

RESULTS AND DISCUSSION

Ursolic acid (3β-hydroxyl-12-en-28-oic acid) is a
pentacyclic triterpene in the form of free acid or
aglycones for saponin triterpenes (Fig. 1) [28] in certain
medicinal herbs and fruits [7]. It reported having a wide
range of activities including anti mycobacteria and can
inhibit the growth of MTB in both sensitive and resistant
strains. It also is shown that UA has a synergistic effect
when it combined with INH, rifampicin, ethambutol, or
pyrazinamide [13]. In this research, UA acts as a ligand
and docked on the site of drug action of the selected
receptor of MTB which is responsible for the
pharmaceutical effect.
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Molecular Docking of Ursolic Acid

The present study helps us to understand the
interaction between the ligand (UA) and proteins
(receptors) and also explore their binding mode. Proteins
as receptor were derived from PDB and used as a target
for docking simulation. Ligand UA was prepared for the
docking procedure using MarvinSkech and optimized
using the semi-empirical method with AM1 as a basis set.
The docking study was performed using Autodock
4.2.6 and grid box parameters (Table 1) were set by using
Autodock Tools (ADT) to re-docking between proteins
and their nature ligand. The aim of these docking was to
validate the software before UA was docking to the
protein target. Root Mean Square Deviation (RMSD) was
used as a validation parameter. Ideally, the quality of
reproduction of binding pose by a computational method
is good when RMSD value less than 2.0 Angstrom [29].
The grid box parameters selected for target proteins and
their binding site were mentioned in Table 1. All the grid
box parameters for these proteins have RMSD less than
2.0 Angstrom (Ǻ).
Thr196 residue in the binding loop between NAD as
native ligand and inhA has been found as a critical amino
acid that helps to fix the NAD on to its active site.
Moreover, the hydroxyl group of Ile194 residue in inhA

(PDB ID:1BVR) is responsible for hydrogen bonding
between inhA and NAD. In addition, the Tyr158 residue
also plays a crucial role in the interaction and mutation
in this residue to Ala94 causes MTB to become resistant
to INH [30].
There are two amino acids which are associated
with mabA enzymes, such as Tyr153 and Gly90. The
Tyr153 residue has a central role in the acid-base
catalysis performed by this enzyme [30] and Gly90
residue has been shown to be involved in the
complexation of mabA with its natural ligand. It has
been shown that mutation of Gle139 into Ala139 causes
complete mabA inactivation by freezing the catalytic
triad into a closed form [31].

Fig 1. Chemical structure of UA (CID: 64945)

Table 1. Grid box parameter selected and binding site residues for the target proteins
Protein
name
inhA
(1BVR)

19.88x8.874x14.397

60x40x40

Spacing
(A)
0.375

mabA
(1UZN)
panK
(3AF3)
Pks 18
(1TED)

5.741x19.526x15.632

20x36x30

0.375

-44.285x36.173x-4.171

20x18x20

0.375

6.644x15.142x4.950

40x40x40

0.375

RpoB
(5UHB)

6.387x5.621x0.208

48x58x48

0.375

Center grid box (points)
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Size (points)

Binding site
Pro193, Met199, Tyr158, Met161, Met147,
ile21, Ser20, Ser94, ile194, ile95, Phe41,
ile122, Val65, Phe149, Thr196
Ile27, Arg25, Gly22, Asn88, Arg47, Gly90,
Ala89, Ala11, Val62, Ser140, Tyr153, Lys157
Met242, Phe254, Tyr235, Phe247, Arg238,
Gly97, Ala100, Val101, Ser104
Ser43, Cys275, Leu348, Leu266, Thr274,
Cys205, ile273, Ala209, Asn208, Ala52,
Val56, Arg81, Tyr73, Phe211, His221,
Val47, Phe224
Thr585, Ala586, Ala584, Thr829, Pro611,
Leu612, Lys832, Pro834, Gly839, Gln861,
Pro962, Val970, Thr968
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PanK is a cofactor in the biosynthesis of Coenzyme
(CoA) and responsible for the growth of MTB. The
complex of panK protein with its native ligand found that
amino acids Ala100 to Ser104 are known to be part of the
PanK P-loop and responsible for the holding of ATP
during catalysis [18,32]. Other amino acids (Arg238) acts
as a connector between the phosphorylated pantothenate
and ATP, thereby aiding catalysis [33].
A study conducted by Sankaranarayanan et al. [34]
suggested that PKS 18 has specificity for aliphatic longchain acyl CoA substrate and structural analysis suggested
that amino acids Thr144, Cys205, and Ala209 have a
crucial role in determining the cavity volume or binding
site of the protein complex. In addition, the docking study
conducted by Andrade et al. [35] showed the binding
efficiency of rifampicin to the rpoB receptor was
increased by the presence of a hydroxyl group at the para
carbon position of the benzene ring is an auxophoric
group.
The predicted binding free energies observed for UA
with six different proteins which involved in growth and
survival of MTB shown that UA has the highest affinity to
inhA which belongs to type-II fatty acid elongation
system (FAS II) in the cell wall, with the score was -9.30
kcal/mol (Table 2). UA was found to establish hydrogen
bond with Thr196 and Ile194 (Fig. 2) and interacted with
Tyr158 which previously said that plays a crucial role in
the interaction of ligand and protein in the binding site.

Molecular Dynamic Simulation of Ursolic Acid

The molecular dynamics simulations were done to
validate the in silico stability of UA-inhA complex and
to find any correlation between them using in silico
parameters such as the time of the dynamic process (in
nanoseconds), the stability of the complex with Root
Mean Square Deviation (RMSD) parameter in
Angstrom, and the fluctuation residues in molecule with
Root Mean Square Fluctuation parameter of atom. Fig.
3 shown that RMSD for the UA-inhA complex was less
than 2.0 Ǻ which indicated the stability of the complex
during simulation. It also can be concluded that after 30
ns dynamic simulations, the endpoint was a stable
complex where the position and the interactions of the
ligand were not changed at all.
Beside the RMSD, the flexibility of protein was
assessed using RMSF to indicate flexible regions in the
Table 2. Docking scores (predicted binding energies)
between UA and the target protein
Protein name
inhA (1BVR)
RpoB (5UHB)
MabA (1UZN)
Gyrase B (4BAE)
PanK (3AF3)
Pks18 (1TED)

Predicted binding energy of
UA (kcal/mol)
-9.3
-8.8
-6.6
-4.5
1.8
51.4

Fig 2. Molecular interactions between UA and inhA performed by Discovery Studio in 2D (a) and 3D (b)
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Fig 3. Root Mean Square Deviation (RMSD) of UA-inhA
complex during 30 ns dynamics simulation
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Fig 4. Root Mean Square Fluctuation (RMSF) of all
residues in the inhA molecule during dynamics
simulation

Fig 5. Scanning electron microscopy of H37Rv treated with UA (a), INH resistant treated with UA (b), H37Rv treated
with INH (c), INH resistant treated with INH (d), non-treated INH resistant (e), non-treated H37Rv (f)
protein. It also evaluated the properties of rigid hinge
residues and flexible hinge residues based on
conformational properties. Based on Fig. 4, most of the
protein residues in inhA had RMSF lower than 2.0 Ǻ. It
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indicated that the UA binding as a ligand did not induce
conformation change of inhA protein as a receptor
target. The figure was also showed that threonine
(residue position in 100 and 196) in random coil area has
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a higher flexibility than other residues. It needs great
attention especially in Thr196 because this residue is also
responsible for the binding pocket of the protein and
would affect the interaction and affinity of UA in the
protein.
Scanning Electron Microscopy (SEM)

The aim of SEM analysis is to observe the cell
structure of MTB. Micrographs images of MTB by SEM
showed how UA and INH as drug control affected the
morphology of the cell wall of MTB. Based on Fig. 5, the
SEM micrographs of MTB sensitive H37Rv strain
displayed distinguished signs of cell wall damage,
including, deep craters, burst cells, and lysis. Most of the
walls were actually missing and broken led to distorted
shape. Outer membrane thickening indicated severe
damage in MTB sensitive H37Rv. Otherwise, it seems UA
did not effect of INH resistant strain of MTB because
there were no signs of cell wall destruction as well as MTB
sensitive H37Rv strains (Fig. 5). The normal appearing
cocci of MTB could be found in the control in comparison
to the treated MTB.
The previous study conducted by Jyoti et al. [28]
using Transmission Electron Microscopy (TEM) showed
that UA severely affected the cell wall peptidoglycan of
H37Ra sensitive strain of MTB. The entire PG layer leaves
the cell body caused by osmotic imbalance. The
condensation of nucleic acid and protein materials was
also found in the inner cytoplasmic of the cell because of
UA efflux in the cytoplasm.
Based on these study, it can be concluded that the
mechanism of action of UA against MTB may probably in
the cell wall of MTB with specifically inhibit the inhA
enzyme to elongate the biosynthesis of fatty acid as the
precursor of mycolic acid.
■

CONCLUSION

We showed that UA effectively inhibited MTB
invitro. Our study suggested that UA interferes
biosynthesis of mycolic acid in the cell wall of MTB. It was
also indicated by the computational approach and found
that UA has the highest affinity for inhA enzyme which is
responsible for the elongation of fatty acid (the precursor
of mycolic acid) in FAS II System. UA was found to
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establish hydrogen bond with Thr196, Ile194 and
interacted with Ser94 which previously said that plays a
crucial role in the interaction of native ligand and
enzyme in the binding site. For further study, we will
continue the in vitro and in vivo study specifically in the
FAS II system. Moreover, we will try to study the
influence of UA in the host of the immune system.
■
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