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Abstract: Structural features of the triterpenoid skeleton that are necessary
for antimycobacterial activity are not well understood. Following the isolation of
the  triterpenoids  ergosterol-5,8-endoperoxide,  6β-hydroxykulactone,  12β-
hydroxykulactone,  (24R)-24,25-epoxycycloartan-3-one  and  (3β,24R)-24,25-
epoxycycloartan-3-ol,  and  (3β,24R)-24,25-epoxycycloartan-3-acetate  with
varying antimycobacterial activity ranging between MIC of 1 µg/ml to128 µg/ml
prompted us to study this class of compounds further to shade light on the
structural features necessary for their antimycobacterial activity. This in silico
study  involved  docking  the  triterpenoids  on  the  mycobacterial  multi-
pharmacophore receptor protein MmpL3. The docking results were compared
with the MmpL3 receptor protein co-crystallized TB drug candidate, AU1235, (1-
(2-adamantyl)-3-[2,3,4-tris(fluoranyl)phenyl]  urea).  The  virtual  screening
revealed key structural features in the triterpenoid skeleton, including the C-3
keto and β-hydroxy group on C-3 or C-6, as important for antimycobacterial
activity.  Also,  the  decreased  binding  affinity  for  compounds  2  and  7  with  an
acetate group on C-3 were in tandem with those observed in vitro. Toxicity
predictions revealed that this class of compounds had no mutagenic effects and
displayed  favorable  pharmacokinetic  parameters.  The  study  reveals  the
potential  of  the  triterpenoid  skeleton  exemplified  by  the  readily  available
ergosterol-5,8-endoperoxide  as  a  useful  scaffold  in  searching  and  developing
effective therapeutic lead entities to facilitate anti-tuberculosis drug discovery.

Introduction
Mycobacterium  tuberculosis  (Mtb)  is  the  causative
agent of tuberculosis (TB), an infectious disease that
continues  to  be  a  threat  to  global  public  health,
especially in low-to-middle-income countries (1). TB is
a preventable and usually curable disease. Yet in 2022,
TB was the world's second leading cause of death from
a  single  infectious  agent,  after  coronavirus  disease
(COVID-19), and caused almost twice as many deaths
as HIV/AIDS. TB was responsible for approximately 1.3
million deaths in 2022 (2, 3). With the emergence of
multidrug-resistant tuberculosis (MDR-TB), extensively
drug-resistant  tuberculosis  (XDR-TB),  and  the
resistance  of  multiple  first-line  and  second-line  TB
medications,  including  isoniazid  and  ethionamide,

novel  therapeutic  agents  are  urgently  needed,  and
continued drug discovery efforts required (4, 5).

Identifying novel receptor proteins as targets of a
broad  number  of  compounds  with  varying  chemical
scaffolds  has  provided  essential  tools  to  understand
the  mode  of  action  of  potential  antimycobacterial
compounds at the Mtb protein receptor level  (6,  7).
MmpLs  (Mycobacterial  membrane  proteins  Large),
which play crucial roles in transporting lipids, polymers,
and immunomodulators and extrude therapeutic drugs,
have been among the most important therapeutic drug
targets to emerge recently (8). MmpL3, one of these
proteins,  is  an  essential  mycolic  acid  and  lipid
transporter  required  for  growth  cell  viability  and  is
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crucial for cell-wall biosynthesis (9, 10, 11). More than
thirty pharmacophores have been reported to target
MmpL3  (12,  13).  Since  MmpL3  is  involved  in  key
pathways  for  M.  tuberculosis  survival,  it  could  be
exploited to develop novel anti-TB drugs (9, 10). These
developments  prompted  us  to  re-evaluate  the
antimycobacterial  terpenoids we isolated earlier  and
co-workers (14-17) using in silico techniques, including
molecular docking.

In  this  study,  seven  triterpenoids  (see  Figure  1)
were  docked  into  the  ligand-binding  pocket  of  the
multi-pharmacophore MmpL3 receptor protein (PDP ID:
6ajh) to investigate their interactions with the amino
acids in the selected pocket. The binding pocket was
identified  based  on  the  protein-inhibitor  interactions
observed  in  the  MmpL3  complex  with  the  inhibitor

AU1235 (1-(2-adamantyl)-3-[2,3,4-tris(fluoranyl)phenyl]
urea).  Additionally,  the  binding  affinities  of  the
triterpenoids were compared with those of the TB drug
candidate  AU1235.  The  insights  gained  from  the
ligand-receptor interactions within the binding site will
enhance our understanding of the structural features in
the terpenoid  skeleton necessary  for  their  observed
antimycobacterial  activity.  To  assess  the  in  vivo
potential of these compounds as anti-TB candidates, an
ADMET  (absorption,  distribution,  metabolism,
excretion,  toxicity)  profile  evaluation  was  conducted
(18, 19). The results were expected to support earlier
in vitro studies and demonstrate the value of in silico
approaches in understanding the modes of action of
the  selected  triterpenoids,  offering  opportunities  to
develop  novel  antimycobacterial  agents.

Figure 1. 2D Structures of selected terpenoids and the MmpL3 inhibitor AU1235.
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Experimental Section
Molecular docking was carried out using Autodock Vina
embedded in PyRx 0.8. The receptor protein MmpL3
(PDB ID: 6ajh; 2.82 A) was employed as the receptor
protein (20). The selected triterpenoids were used as
ligands.

Ligand Retrieval and Preparation 
The selection of the ligand molecules was based on
earlier studies on the antimycobacterial activity of two
East African medicinal plants, Ajuga remota, and Melia
volkensii,  coupled  with  a  literature  survey.  Seven
triterpenoids, compounds 1-7 ( see Figure 1), whose
antimycobacterial  potential  was investigated in  vitro
earlier, were selected for the current in silico study (14,
15,  17).  The  first-line  anti-TB  drug  isoniazid  was  used
as a comparative standard (21). The MmpL3 inhibitor
or  AU1235,  1-(2-adamantyl)-3-[2,3,4-tris(fluoranyl)
phenyl]urea, was used to validate the docking exercise
(22). 3D structures of compounds to be studied were
downloaded in SDF format from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/)  (1-6)  is  a  public
repository for information on chemical substances and
their  biological  activities.  The compounds were then
energy  minimized  by  Open  Babel  2.3.1  using  the
MMFF94  force  field  with  an  energy  gradient  of  0.05
using the  steepest  descent  algorithm,  500 numbers
steps, and 10e-7 convergence parameter to generate
an energetically reasonable posture for docking. The
various  optimized  3D  structures  were  finalized  for
docking  using  Autodock  tools  1.5.7  and  saved  as
PDBQT files for the subsequent steps.

Receptor Protein and Molecular Docking
Preparation
The  MmpL3  receptor  protein  (PDB  ID:  6ajh)  was
selected based on information from the literature (9).
The 3D structure of the receptor protein in complex
wi th  AU1235  (1 - (2 -adamanty l ) -3 - [2 ,3 ,4 -
tris(fluoranyl)phenyl]urea)  was  obtained  from  the
Protein  Data  Bank  repository  (https://www.rcsb.org;
accessed  on  March  3rd,  2024)  (20).  The  receptor
protein was prepared for docking using UCSF ChimeraX
(Resource  for  Biocomputing,  Visualization,  and
Informatics  at  the  University  of  California,  San
Francisco) and AutoDock Tools 1.5.7 (Scripps Research,
La  Jolla,  California,  USA).  The  preparation  involved
removing  unwanted  water  molecules,  bound
heteroatoms, and other ligands. Polar hydrogens and
Kollman charges were added, and the protein molecule
was saved in .pdbqt format.

Docking studies for the target protein (PDB ID: 6ajh)
and various triterpenoid ligands were performed using
AutoDock Vina,  embedded within PyRx 0.8,  and the
results were visualized with PyMOL, Protein Plus, and
Discovery Studio Visualizer version 2020. The grid box
was centered on the binding pocket with Vina search

space parameters: Center (Å) x: 35.8727, y: 3.9155, z:
20.7025;  Dimensions  (Å)  x:  23.4367,  y:  22.1532,  z:
22.1676. An exhaustiveness level of 8 was used. The
binding interactions between the protein and ligands
were analyzed and visualized using Discovery Studio
Visualizer version 4.0. The docking results were then
clustered based on root mean square deviation (RMSD)
to  assess  the  structural  variability  of  the  binding
conformations. The clusters were ranked according to
the predicted free energy of binding, which provides an
estimation of the strength and stability of each protein-
ligand  interaction.  Binding  postures  were  further
analyzed using Ligplot Plus version 2.2.8 and Protein
Plus to evaluate the specific contacts and interactions,
such as hydrogen bonds and hydrophobic interactions.
Finally, the dissociation constants (Kd) were calculated
u s i n g  t h e  o n l i n e  t o o l  N o v o P r o  a t
www.novoprolabs.com/tools/deltag2kd.

Docking Validation
To validate the docking process, the native ligand co-
crystallised  with  the  protein  was  extracted  and
redocked in the corresponding binding pocket of the
receptor protein. The ligand's ability to reproduce the
ligand's orientation and position in the bound form was
determined  using  the  Root  Mean  Square  Deviation
(RMSD)  of  the  superimposed  co-crystal  and  posting
pose of the native ligand.

Results and Discussion 
Isolation of Compounds
During a bioassay-guided study reported earlier, Ajuga
remota  led  to  the  isolation  of  ergosterol-5,8-
endoperoxide  compound  1  with  a  MIC  of  1mg/mL.
Acetylation of compound 1 gave the acetate compound
2, with an MIC of 8mg/mL (14, 16). Studies on Melia
volkensii  resulted  in  isolating  12β-hydroxykulactone
compound 3  and  6β-hydroxykulactone  compound 4.
Compound 3 had an MIC of 16mg/mL, while compound
4 had an MIC of 4mg/mL (15, 16). Studies on Borrichia
frutescens  by  co-workers  afforded  (24R)-24,25-
epoxycyc loar tan -3 -one  compound  5  and
(3β,24R)-24,25-epoxycycloartan-3ol  compound 6 with
MICs of 8mg/mL, whereas compound 7 the acetate of
compound 6 was inactive with an MIC >128mg/mL (16,
17). Correlations of structural features and the MICs of
the seven triterpenoid compounds 1–7 suggest that the
presence  of  the  C-3  keto  or  β-hydroxy  group,  the
cyclopropane ring, and the epoxide moieties, as well as
the presence of a β-hydroxyl group on C-6 or C-12,
seem to play an important role in the observed in vitro
anti-tuberculosis  activity  of  these  compounds.
However, the apparent importance of these functional
groups is lacking structural evidence at the relevant
protein  receptor  level.  Further  studies  utilizing
crystallography or cryo-EM are needed to elucidate the
precise binding interactions of these triterpenoids with
their target proteins.

https://etflin.com/sciphy
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Table 1. Interactions of the mycolic acid transporter MmpL3 receptor with selected triterpenoids and the anti-TB
drug candidate AU1235.

Ligand In
vitro
MIC
µg/ml

Binding
affinity
kcal/mol

Number of various interactions
Alkyl Pi-donor

bond
Conv.
H
bonds

Pi-
Sigma
bond

Steric
clash

Ergosterol endoperoxide 1 -10.8 4 1 0 0 0
3β-Acetoxy ergosteryl endoperoxide 8 -6.4 6 0 0 0 1
6β-Hydroxy kulactone 4 -7.3 5 1 0 1 1
12β-Hydroxy kulactone 16 -5.9 4 1 1 1 1
(24R)-24,25-epoxycycloartan-3-one 8 -6.4 0 2 0 0 1
(3β,24R)-24,25-epoxycycloartan-3-ol 8 -7.8 6 0 0 1 1
(3b,24R)-24,25-epoxycycloartan-3-acetate >128 -4.3 4 0 0 0 2
(1-(2-adamantyl)-3-[2,3,4-tris(fluoranyl)phenyl] urea) - -12.0 6 0 1 1 0

Figure 2. The MmpL3 receptor protein bound to compounds 1-7 at the binding pocket of the native ligand AU1235
depicted in A and the superimposed co-crystal and post-docking pose of the native ligand AU1235 depicted in B.

Molecular Docking
In the present study, seven triterpenoids with varying
antimycobacterial tuberculosis activity were subjected
to  an  in  silico  molecular  docking  on  the  multi-
pharmacophore receptor protein MmpL3, an essential
mycolic  acid  and  lipid  transporter  ligand  binding
domain (LBD). The LBD is usually involved in receptor
dimerization, ligand recognition, and cofactor protein
interactions.  A  docking  study  was  performed  to
evaluate the binding potential of the seven selected
triterpenoids.  The  docking  affinities  calculated  by
Autodock Vina ranged between -4.5 to 10.5 kcal/mol
and indicated strong binding to the target protein (see
Table  1).  This  was  compared with  the  anti-TB drug
candidate AU1235 and the anti-TB drug isoniazid. From
the  docking  study,  ergosterol  endoperoxide  had  a
binding  affinity  of  -10.8  kcal/mol,  while  ergosterol-3β-
acetate  endoperoxide  had  a  lower  binding  affinity
score  of  -6.4  kcal/mol.  Also,  (3β,24R)-24,25-
epoxycycloartan-3-ol had a binding a binding score of
-7.8 kcal/mol while (3β,24R)-24,25-epoxycycloartan-3-

acetate  had  much  a  lower  binding  score  of  -4.3
kcal/mol. This observation is in tandem with the trend
observed in the experimental in vitro results obtained
earlier.

Figures  3  and  4  present  docking  interactions
between the selected ligands and the receptor protein.
Compounds  1  and  2  exhibited  van  der  Waals
interactions  with   Ser293,  Gly641,  Ile319,  Leu686,
Asp256,  Tyr257,  Phe260,  Leu678,  and  Ile679.  Both
compounds also showed pi-alkyl and alkyl interactions
with Ile253 and Ile297. However, compound 1 formed a
pi-donor hydrogen bond between its 3β-hydroxy group
and the amino acids Phe649 and Phe260, absent in the
3β-acetyl derivative (compound 2) (see Figure 2). The
closely  related  derivatives  (3β,24R)-24,25-
epoxycycloartan-3-one (compound 5), (3β,24R)-24,25-
epoxycyc loar tan-3-o l  (compound  6) ,  and
(3β,24R)-24,25-epoxycycloartan-3-acetate  (compound
7) also showed van der Waals interactions with similar
amino acids, including Ser293, Ile679, Thr289, Tyr257,
Tyr301, Asp256, and Ala682.

https://etflin.com/sciphy
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Figure 3. 2D diagrams showing interactions of the protein (PDB ID: 6ajh) amino acids in the receptor pocket docked
with the most favourable pose of the triterpenoids (1-4).

Compounds 6 and 7 shared alkyl interactions with
Ile297, Ile249, and Val638, whereas compound 5 did
not. Compounds 5 and 6 formed a pi-sigma bond with
Phe649,  while  compound  7  did  not.  Additionally,
compound  5  formed  a  pi-donor  hydrogen  bond
between its 3-keto group and Phe260 (Figures 3 and
4). These docking results align with the observed in
vitro antimycobacterial activity of compounds 5, 6, and
7,  highlighting  the  significance  of  a  hydroxyl  or  keto
group at position C-3 of the epoxycycloartan skeleton.

Compounds 3  (12β-hydroxykulactone)  and 4 (6β-

hydroxykulactone) displayed the same van der Waals
interactions  with  the  amino  acids  Ser301,  Ser300,
Gly641,  Ala637,  Leu708,  Leu686,  Ala682,  Asp256,
Phe260, Tyr257, Val290, Thr289, Phe649, Ser293, and
Asp645. The C-10 methyl group in compounds 3 and 4
formed  a  pi-sigma  bond  with  Tyr646.  However,
compound  3  formed  a  conventional  hydrogen  bond
with  Asp256,  while  compound  4  formed  one  with
Leu642. The docking results for compounds 3 and 4
support  the  observed  in  vitro  antimycobacterial
activity, emphasizing the importance of a β-hydroxyl
group at positions C-6 and C-12.

https://etflin.com/sciphy
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Figure 4. 2D diagrams showing interactions of the protein (PDB ID: 6ajh) amino acids in the receptor pocket docked
with the most favourable pose of the selected triterpenoids (5-7) and the MmpL3 inhibitor AU1235 (8).

The C-4 methyl group in compounds 5 and 6 formed
a pi-sigma bond with Phe649. In contrast, the 3-acetate
derivative of compound 6 did not interact with the C-4
methyl  groups.  The  best-docked  triterpenoid
conformers  were  selected  based  on  their  binding
energy and favorable interactions with the amino acid
residues in the active site.

The MmpL3 receptor protein bound to compounds
1-7  at  the  native  ligand  AU1235  binding  pocket  is
shown  in  Figure  2A.  The  binding  energies  and  the
various  ligand-receptor  amino  acid  interactions  are
listed in Table 1. The molecular docking procedure was
validated  by  the  ability  of  the  native  ligand  to
reproduce the pose and the position in the bound form,

as  shown in  the  superimposed  co-crystal  and  post-
docking pose of the native ligand depicted in Figure 2B.
The  Root  Mean  Square  Deviation  (RMSD)  of  the
superimposed co-crystal and post-docking pose of the
native ligand AU1235 was determined to be 1.2Å, an
RMSD value < 2Å validating the docking procedure.

ADMET Prediction 
ADMET is an abbreviation for Absorption, Distribution,
Metabolism, Excretion, and Toxicity and plays key roles
in drug discovery and development. A high-quality drug
candidate  should  have  sufficient  efficacy  against  the
therapeutic  target  and  show  appropriate  ADMET
properties.

https://etflin.com/sciphy
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Table 2. ADMET properties for the selected seven triterpenoids and the TB drug candidate AU1235.

Ligand Mwt No.
RBs

logP Ro5 LD50
mg/kg

Carcinogen Ames test HIA HBA HBD

Ergosterol-5,8-endoperoxide 428.6 4 5.59 1 2340 inactive Non-mutagen 0.96 3 1
Ergosteryl -3β-acetate-5,8-
endoperoxide

470.6 6 5.89 1 79 inactive Non-mutagen 0.97 4 0

6β-Hydroxy kulactone 468.6 3 5.31 1 914 active Non-mutagen 0.96 4 1
12β-Hydroxy kulactone 468.6 3 5,24 1 2589 active Non-mutagen 0.96 4 1
(24R)-24,25-epoxycycloartan-3-one 440.7 4 6.27 1 16000 inactive Non-mutagen 1.00 2 0
(24R)-24,25-epoxycycloartan-3-ol 442.7 4 6.26 1 5000 inactive Non-mutagen 0.97 2 1
(24R)-24,25-epoxycycloartan-3-acetate 484.7 6 6.56 1 5000 inactive Non-mutagen 0.98 3 0
AU1235 324.3 4 3.42 0 4000 inactive Mutagen 0.92 3 2

The  underlying  goal  is  to  understand  better  a
compound's  toxicity  and  safety  profile  to  decide
whether  the  compound can be  subjected to  further
studies.  The  five  properties  in  ADMET  can  be
determined  experimentally  and,  to  some  degree,
computationally (23). ADMET prediction was performed
on  the  seven  triterpenoids  and  AU1235.  This  was
accomplished using Discovery Studio 4.5 (Accelrys Inc.,
San Diego, CA, USA) and an online server PreADMET
ver 2.0 (https://preadmet.bmdrc.kr) (24). The predicted
parameters included human intestinal absorption (HIA),
LogP, LD50, carcinogenicity, and Ames mutagenicity.
From the ADMET data, the triterpenoids did not violate
more  than  one  Lepinski's  rule  of  5  (Ro5)  and  can,
therefore, be categorized as drug-like compounds (25,
26). Also, they are safe with acceptable LD50 values,
bioavailable, and non-mutagenic (Table 2).

Cell  permeable  compounds  should  have  HBD
(hydrogen  bond  donors)  ≤  5,  HBA  (hydrogen  bond
acceptors) ≤ 10), Mwt ≤ 500, and log P ≤ 5. No. RBs
(number  of  rotatable  bonds)  should  be  ≤  5.  HIA
(human intestinal  absorption) bioavailability endpoint
should be ≥ 0.5. Ro5 (Lepinski's rule of 5) should be ≤
1.

Conclusions 
The in silico study revealed that the β-hydroxy group
on  C-3  or  C-6  are  vital  structural  features  in  the
triterpenoid  skeleton  for  antimycobacterial  activity.
Toxicity  predictions  revealed  that  this  class  of
compounds  had  no  mutagenic  effects  and  displayed
favorable  pharmacokinetic  parameters.  From  these
studies, it can be concluded that in silico techniques
can be utilized to fast-track the development of new
drugs to treat tuberculosis.

Overall,  the  study  reveals  the  potential  of  the
triterpenoid  skeleton  exemplified  by  the  readily
available ergosterol-5,8-endoperoxide compound 1 as
a  helpful  scaffold  in  searching  for  and  developing
effective  therapeutic  lead  entities  to  facilitate  anti-
tuberculosis  drug  discovery.
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