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ABSTRACT
The anti-apoptotic Bcl-2 family is intrinsically involved in regulating apoptosis. 
Over expression of these proteins is associated with cancer. Thus, inhibitors of 
these proteins will enhance the development of anti-apoptotic drugs. Herein, 
previously reported 103 Ocimum gratissimum derived phytochemicals were 
screened against five anti-apoptotic BCL-2 proteins (BCL-2, MCL-1, BCL-B BCL- 
XL and BFL-1) to identify potential inhibitors of multiple anti-apoptotic Bcl-2 
proteins, using static and dynamic docking simulations, molecular dynamics 
(MD) simulations, clustering and Absorption-Distribution-Metabolism- 
Excretion-Toxicity (ADMET) filtering analysis. Based on the minimal binding 
energy and a comparative reference inhibitors binding mode analysis, five lead 
phytochemicals (FLP) (ursolic acid, beta-sitosterol, luteolin, basilimoside and 
apigenin 7,4’,dimethyl ether) were identified. Ursolic acid, β-sitosterol and 
luteolin exhibited higher binding tendencies to the BH3 binding groove of 
multiple targets. Ursolic acid-Bcl-2 and luteolin-BCL-XL, complexes demon
strated structural stability in the simulated MD environment. Also, the FLP 
demonstrated favorable ADMET properties. Evidences from previously 
reported antiproliferative activities of ursolic acid, β-sitosterol and luteolin 
and results from this study suggest that the anti-proliferative activity of O. 
gratissimum may be as a result of the synergistic activities of, at least, the FLP. 
They are recommended for further study as natural-inhibitors against cancers 
defined by over expression of Bcl-2 family protein.
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Introduction

The members of the anti-apoptotic B cell lym
phoma 2 (BCL- 2) protein family play key reg
ulatory roles in cellular apoptosis. Deregulation 
of the normal apoptotic process in the cell, 
driven by the members of the BCL-2 proteins, 

is a fundamental element in carcinogenesis [1]. 
The Bcl-2 proteins are reportedly overexpressed 
in about half of all human cancers which reveals 
the involvement of the anti-apoptotic members 
in carcinogenesis (Yip and Reed 2008). The four 
BH (BH1, BH2, BH3 and BH4) conserved 
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domains, which were identified from nuclear 
magnetic resonance (NMR) investigation in 
2001 [2], are critical for the signaling functions 
of these proteins. The BH1-BH3 domain forms a 
hydrophobic groove, while the BH4 stabilizes 
the entire structure. The BH3 domain which 
resides superficially on the anti-apoptotic pro
teins plays a central role as it accommodates 
pro-apoptotic partners (Bax/Bak) [3]. On 
account of this structural built up, substances 
that interact with the critical amino acid resi
dues in this groove serve as promising inhibi
tors that may interfere with anti-apoptotic BCL- 
2 proteins; and thereby promote apoptosis in 
cancer cells [4]. In this direction, navitoclax [5] 
and ABT-199 [6] and other drugable com
pounds have been developed through combi
natorial technique and are under way through 
clinical trials for treatment of cancers [7]. Thus, 
targeting the BCL- 2 proteins, which are known 
to perform pivotal functions in the regulation of 
apoptosis, have been explored toward develop
ing anticancer drugs.

The use of food spices and medicinal herbs 
as complementary medicine predates human 
history [8]. Notable among these dietary com
ponents is Ocimum gratissimum L, a herbaceous 
plant in the Labiatae family thought to origi
nate from Asia and Africa [9]. This plant is highly 
cherished for its health promoting potentials 
and aromatic nature, and popularly known as 
scent leaf in Nigeria and some other African 
regions where it is grown in home gardens as 
an ingredient in foods such as pastas, salads, 
soups, vinegars and jellie [10]. Various health 
benefits of this plant have been documented 
for over two decades. The several pharmacolo
gical activities of the plant have been reported 
by Priyanka et al. [11]. The ethno-pharmacolo
gical uses of scent leaf in cancer therapy have 
been proven from various in vitro and in vivo 
studies. The proliferation inhibitory activity of 
aqueous extracts of O. gratissimum against sev
eral cell lines particularly prostate adenocarci
noma (PC-3) cells is well documented [12]. 
Various solvent fractions from this plant have 

been reported to impede the tumor growth 
and progression of breast cancer [13]. 
Aqueous Ocimum gratissimum extract has 
been reported to induce apoptosis in human 
hepatocellular carcinoma cells [14]. Thus, this 
plant is a promising vegetal source for pro- 
apoptosis compounds and chemopreventive 
nutraceuticals in cancers [15]. Several bioactive 
compounds such as: Eugenol, Thymol, β-caryo
phyllene, γ-muurolene, γ-terpinene, α-bisabo
lene, β-selinene, 1.8-cineole, geraniol, and p- 
cymene have been identified from this plant 
[16]. In search for phytocompounds with inhi
bitory potential against the anti-apoptotic BCL- 
2 proteins, 103 bioactive compounds (pre
viously reported as active constituent of O. gra
tissimum) were compiled from reports where 
the chemical constituents were identified and/ 
or isolated [16–24] and review articles on the 
chemical composition [25,26]) were screened in 
silico for interaction with five anti-apoptotic 
targets in cancer. This computer-based screen
ing approach is exceptionally valuable for 
resource optimization and search space mini
mization. Such approach undertaken may help 
provide new evidence for anticancer activity of 
O. gratissimum.

Materials and Methods

Retrieval and Preparation of Proteins

The following anti-apoptotic BCL-2 proteins 
(APB2P) were accessed from the Protein 
Databank (http://www.rcsb.org): BCL-2 (4lvt); 
BCL-XL (3zlr); MCL-1 (5fdr); BFL-1 (5uul) and 
BCL-A1 (5whi).

The APB2P were selected as the best pro
teins for the interactive analysis based on their 
conformation with a co-crystallized ligand and 
high resolutions, also the Ramachandran plots 
of the APB2P were analyzed. The water mole
cules and bound ligands associated with the 
protein structures were gotten rid of for effi
cient docking without interference while the 
missing hydrogen atoms were added. 
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Employing MGL-AutoDockTools (ADT, v1.5.6), 
the Kollman charges were added as the partial 
atomic charge [27]. Thereafter, while nonpolar 
hydrogens were merged, the polar hydrogens 
were added to the proteins. This procedure was 
applied to all proteins and then saved in pdbqt 
format for the docking calculations.

Ligand preparation

The 103 O. gratissimum- derived compounds 
(OGDPs) were gathered from extensive litera
ture search. These compounds and the refer
ence compounds were downloaded from the 
PubChem database (www.pubchem.ncbi.nlm. 
nih.gov) in Structure Data Format (SDF), and 
converted to mol2 format using Openbabel 
[28]. Unavailable structures on the database 
were prepared with ChemDraw 19.0 and con
verted to the mol2 format. Gasteiger-type polar 
hydrogen charges were attributed while the 
nonpolar hydrogen atoms merged with the 
carbons. The Universal Force Field (UFF) was 
employed as the energy minimization para
meter. The ligand and protein molecules were 
further converted to dockable pdbqt format 
using Autodock tools.

Molecular docking Study

Active site targeted molecular docking 
of phytochemicals

After a blind docking of the OGDPs and refer
ence inhibitors against the APB2P targets, an 
active site directed docking of the hit OGDPs 
from the blind docking analysis and reference 
compounds to the APB2Ps was executed with 
AutoDock Vina incorporated in PyRx 0.8 [29]. The 
OGDPs were imported and minimized with 
OpenBabel in PyRx 0.8 [28]. The conjugate gra
dient descent was applied as the optimization 
algorithms, while the Universal Force Field (UFF) 
was employed as the energy minimization para
meter. For the docking studies, the catalytic 
pocket of the APB2Ps defined by a grid box size 

and center (Table S1) were determined by draw
ing the box around the catalytic residues that are 
involved in the interaction with the native 
ligands was employed. Default mode was used 
for other parameters.

Molecular dynamics

Molecular Dynamic Simulation utilizing 
Nanoscale Molecular Dynamics (NAMD) V2.13 
[30] was performed on 3ZLR (unbound), 3ZLR- 
luteolin complex, 4LVT (unbound) and 4LVT- 
ursolic acid complex. Prior to the MDS analysis, 
necessary files were prepared using CHARMM- 
GUI webserver [31,32]. The water model TIP3P 
was used in the solvation while the physiologi
cal concentration of 0.154 M was set by neutra
lized NaCl ions. The systems were minimized for 
10,000 steps using CHARMM 36 force field as 
conjugate gradient algorithm in constant num
ber of atoms, volume, and temperature ensem
ble (NVT). System equilibration was started 
afterward for 1 ns in NPT (constant number of 
atoms, constant pressure, and constant tem
perature ensemble). A 310 K temperature was 
set and maintained by langevin dynamics, 
while A 1 atm pressure was set and maintained 
by Nose-Hoover langevin piston. Eventually, All 
the systems were run for 100 ns in NVT ensem
ble. Periodic Boundary Conditions (PBC) were 
applied throughout the simulation. The trajec
tories were saved for each 0.1 ns with a 2 femto 
second time step. VMD scripts were used to 
analyze the trajectories by calculating the var
ious thermodynamic parameters [33].

Binding Free energy calculations
The free binding energy was computed 
employing the Molecular Mechanics 
Generalized Born Surface Area (MMGBSA) 
applied in MMPBSA.py in Ambertools 17 pack
age. The method of generalized born (igb) and 
saltcon variable was set to 5 and 0154 M respec
tively. The contribution of amino acid residues 
to the computed binding free energy was 
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decomposed [34]. The clustering of the MDS 
trajectories was done using the elbow method 
with TTClust V 4.9.0 [35].

ADMET study

The lead phytochemicals to the APB2P were 
evaluated for drug-likeness using Lipinski filter
ing tool analysis [36]. The ADMET study was 
analyzed on a SuperPred webserver (http:// 
lmmd.ecust.edu.cn/admetsar1/predict/) [37] 
(https://admet.scbdd.com/calcpre/index_sys_ 
result/) [38]. The tool utilizes important molecu
lar descriptors for the ADMET filtering, and 
important physiochemical properties of the 
ligands for the drug likeness prediction. This 
tool was employed for predicting crucial 
descriptors of drug likeness.

Results

Molecular docking

The docking scores of the 103 OGDPs and the 
reference compounds (navitoclax, WEHI-539 
and gambogic acid) against the target proteins 
are represented in Table S2. A hit-list compris
ing the top twenty ranked phytochemicals from 
OGDPs was defined based on the docking 
scores and interactions with important catalytic 
residues of the APB2Ps (Table S3). From the 
interaction of the hit phytocompounds, the 
two lead OGDPs with lowest binding energies 
for each of the targets were compiled, affording 
a combined list of five lead phytochemicals 
(Ursolic acid, β-sitosterol, luteolin, apigenin 
7,4’,dimethyl ether, basilimoside). Among 
these five phytochemicals, high binding ten
dencies to multiple APB2Ps were observed. 
Ursolic acid, with the top ranked binding 
energy (−8.3 Kcal/mol) for BCL-2, exhibited 
highest binding affinities and interactions with 
multiple APB2P viz: Mcl-1 (−9.8 Kcal/mol), Bfl-1 
(−8.1 Kcal/mol) and Bcl A1 (−7.8 Kcal/mol. 
Luteolin interacted with the topmost binding 

affinity with BCL-XL (−9.8 Kcal/mol) and the 
second top ranked phytochemical to the Mcl-1 
(−9.4 Kcal/mol). Ursolic acid had a close binding 
energy to Bcl-2 as gambogic acid and 
WEHI_539. In the case of BCL-XL protein, luteo
lin, and apigenin 7,4’-dimethyl ether had the 
highest binding energies. Similarly, Ursolic 
acid, β-sitosterol, calamenene, luteolin, γ-cadi
nene, δ-cadinene, apigenin with −9.8, −9.4, 
−9.1, −9, −8.9, −8.9, −8.7 Kcal/mol respectively 
exhibit greater tendency of high affinity bind
ing to MCL-1 than that of WEHI-539 (with 
−8.6 Kcal/mol) (Table S2). Basilimoside with 
binding energy of −8.8 Kcal/mol exhibit higher 
binding affinity with BFL-1 than WEHI-539 (−8.4 
kcal.mol1) and Gambogic acid (−7.6 Kcal/mol), 
Ursolic acid, apigenin 7,4’-dimethyl ether, api
genin have higher binding tendency than 
Gambogic acid. Overall, Ursolic acid, β-sitos
terol, luteolin, exhibit remarkable high affinity 
binding with multiple anti-apoptotic proteins 
(Figure 1).

Amino acid interaction of selected bioactive 
compounds with anti-apoptotic proteins

The amino acid interaction of the lead phyto
chemicals (Ursolic acid, β-sitosterol, luteolin, 
apigenin 7,4’,dimethyl ether, basilimoside) and 
reference inhibitors to the amino acid residues 
of five APB2Ps are reported in Table 1.

The docking revalidation of the co-crystallized 
inhibitor (navitoclax) with Bcl-2 presented navito
clax to be well docked into to BH3 binding groove 
of Bcl-2. Navitoclax stretched into the P2 and P4 
binding pocket of the groove. In a similar binding 
mode as navitoclax the best docked OGDPs to 
Bcl-2 (Ursolic acid) were oriented in the BH3 bind
ing pocket. The 1, 6a, 9 and 12-methyl groups 
attached to the pentacyclic rings of ursolic acid 
formed alkyl contact with Tyr105, Tyr105, Arg143 
and Arg104 respectively, the B and C rings formed 
Pi-Alkyl contact with Tyr105. Residue Gly142 of 
the Bcl-2 formed H-bond with the carbonyl oxy
gen of ursolic acid (Figure 2).
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Figure 1. Chemical structure of potential inhibitors of anti-apoptotic BCL-2 proteins (a) ursolic acid, (b) β 
-Sitosterol, (c) luteolin, (d) apigenin 7,4’-dimethyl ether, and (e) basilimoside.

Table 1. Interacting amino acid residue of anti-apoptotic BCL-2 proteins with top docked compounds.

Bioactive Compound Proteins Hydrophobic Interactions
Protein Atom Involved In H- 

Bonding

Navitoclax Bcl-2 Arg143 Phe101 Tyr105 Phe109 Tyr199 Met112 Val153 Leu134 
Asp108

GLY142

WEHI_539 BCL-XL Asp108 Tyr195 Phe105 Lue108 Arg102 Tyr101 Phe109 Lue130 
Ala142 Arg139 Ala149

ASN136

Gambogic Acid Mcl-1 Val274 Val249 Ala227 Met231 Met250 Phe228 Phe270 Leu235 
Leu246 His224

Thr266 Arg263

Ursolic Acid Bcl-2 Phe101arg104 Phe109 Met112 Leu134 Arg143 Ala146 Phe109 
Tyr105 Val153 Phe150

Mcl-1 Ala227 Val253 Met231 Met250 
Phe270

Leu267

Bfl-1 Lys44 Lys50
Bcl-A1 Leu52 Val44 Val48 Glu78

Β -Sitosterol Bcl-2 Phe101 Tyr105 Phe109 Ala146 Met112 Leu134 Val153 Arg143 
Phe150

Bcl-A1 Leu104 Lys77 Leu52 Val44 Phe42 Val48 Val74
Luteolin BCL-XL Phe97arg102 Phe105 Leu108lue130 Ala142 Asp107

Mcl-1 Leu267 Phe270 Val253 Met250 Val249 Leu246
Apigenin 7,4’, 

Dimethyl Ether
BCL-XL Trp80 Asp292 Asn54 Val270 Tyr272 Ser205 Gln79

Basilimoside Bfl-1 Lys46 Lys50 Lys53 Asp57 Lys102
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The B ring of the beta-sitosterol formed Pi- 
Alkyl interaction with Arg143 while the C ring 
interacted via Pi-alkyl contact to Ala146 and 
Leu134. Three alkyl contacts were observed 
between the C24’ of ursolic acid and residues: 
Phe150, Leu134 and Ala146. The methyl end of 
C26 formed alkyl contacts with Met112, PHE150 
and Val153. C27 formed alkyl contacts with phe
nyl alanine residues (Phe109 and Phe101) of BCL- 
2. Luteolin, the top docking compound with the 
BCL-XL APB2Ps was docked into the BH3 binding 
groove of BCL-XL in the same orientation as the 
native ligand WEHI_539 (Figure 3).

Both compounds were oriented in the BCL- 
XL hydrophobic groove, showing remarkable 
interaction with Phe105 in the P2 binding 
pocket. The A ring of luteolin formed 2 Pi-Alkyl 
interactions and Pi-Pi Stacking with Leu130, 
Phe105 and Phe105 of BCL-XL respectively 
(Figure 3). The C ring also formed 2 Pi-Alkyl 
interactions, a Pi-Pi T-shaped and Pi-Sigma con
tact with Ala142, Leu108, Phe105 and Leu130 
respectively. Three Pi-Alkyl interactions, and 2 
Pi-Pi T shaped contacts were made by the B ring 
of luteolin to Arg102, Ala142, Leu108, Phe97 
and Phe146. The 4’-hydroxyl and 5’-hydroxyl 

Figure 2. Details of binding mode (a) solvent-accessible surface view (b) interaction view of ligands in BH3 
binding pocket of Bcl-2. Stick representations of the Ligands are shown by colors (bi) blue: β-Sistosterol (bii) red: 
Ursolic acid (biii) green: navitoclax (referencer inhibitors). Figures 2-5: Types of interactions are represented by 
Green-dotted lines: H-bonds; light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl and pi-stacking); 
purple-dotted line: Pi-Pi T Shaped; yellow-dotted lines: Pi-sulfur interactions, pi-stacking interactions, with three- 
letter abbreviations of amino acids.
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groups linked to the B ring formed 2 and a 
hydrogen bond With LEU108, ASP107 and 
Phe146 respectively (Figure 3).

In a similar binding as the co-crystallized 
native ligand (2-Indole-acylsulfonamide) with 
Mcl-1, gambogic acid, a known inhibitor of 
Mcl-2, ursolic acid the top docked OGDPs to 
Mcl-2 were oriented into the hydrophobic P4 
pocket. The 1,2, 6a and 9- methyl groups of 
ursolic acid interacted with alkyl contacts to 
Met250, Val253, Ala227 And Met231 (Figure 4).

The B Ring formed Pi-Alkyl contact with 
Ala227 and Met231, while the carbonyl oxygen 
formed hydrogen bond with Leu267. Ursolic 
acid also double as the lead OGDPS to the Bfl- 

1 and Bcl A1 APB2Ps. Ursolic acid was docked 
into the BH3 hydrophobic pocket of the two 
APB2Ps (Figure 5 and 6).

The energy profile of lead phytochemicals to 
respective proteins is represented in the 
(Figures S6- 115 Supplementary Data)

Molecular dynamic simulations of top 
complexes

The conformational stability of the unbound 
Bcl-2 and BCL-XL compared with the complexes 
formed with the lead OGDPs was monitored 
through MD simulation. The VMD Tk console 
scripts were used for the analysis of the MDS 

Figure 3. Details of binding mode (a) solvent-accessible surface view (b) interaction view of ligands in BH3 
binding pocket of Bcl- XL. Stick representations of the Ligands are shown by colors (bi) blue: Luteolin (bii) red: 
Apigenin 7,4’,dimethyl ether (biii) green: WEHI_539 (referencer inhibitors).
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trajectories for the calculation of the thermody
namic parameters viz: SASA, RoG, RMSD, RMSF 
and number of H-bonds. SASA and RoG values 
estimate the changes in the protein folding. 
Increase in both parameters is an indication 
that the protein is unfolded during the simula
tion and vice versa. The Apo protein (unbound) 
BCL-XL shows an initial overall decrease in SASA 
(Figure 7A) and RoG (Figure 8A).

Which corresponds to the rotation of amino 
acids (S1:G18) about 180° and their motion 
toward the rest of the protein (Figure S16: supple
mentary data) resulting in a more compact form, 
however, in the case of BCL-XL -luteolin, the 
Figure shows that the amino acids (S1:G18) have 

moved away from the protein increasing its sur
face area, which is confirmed by the RoG values. 
The SASA plot shows a steady fluctuation around 
average values of 8292 Å2 and 8508 Å2 for the 
unbound BCL-2 (Figure 7A) and BCL-2 -ursolic 
acid complex (Figure 7B), indicating no conforma
tional changes along the trajectories. However, 
the unbound BCL-2 shows a decrease between 
14 ns to 24 ns, corresponding to the motion of the 
amino acids (A41:Q59) (Figure S11: supplemen
tary data) close to the rest of the protein closing 
the pocket. This can be seen from the RMSD plots 
(Figure 9) which shows a deviation during the 
same time period which is not seen in the BCL- 
2-ursolic acid complex due to the presence of the 

Figure 4. Details of binding mode (a) solvent-accessible surface view (b) interaction view of ligands in BH3 
binding pocket of Mcl-1. Stick representations of the Ligands are shown by colors (bi) blue: Ursolic acid (bii) red: 
luteolin (biii) green: Gambogic Acid (referencer inhibitors).
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Figure 5. Details of binding mode (a) solvent-accessible surface view (b) interaction view of ligands in BH3 
binding pocket of Bfl-1. Stick representations of the Ligands are shown by colors (bi) blue: ursolic acid (bii) red: 
basilimoside.

Figure 6. Details of binding mode (a) solvent-accessible surface view (b) interaction view of ligands in BH3 
binding pocket of Bcl-A1. Stick representations of the Ligands are shown by colors (bi) blue: ursolic acid (bii) red: β 
– Sitosterol.
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ursolic acid in the pocket. The RoG plots for the 
two systems fluctuated around 14.62 Å and 
14.58 Å for the unbound BCL-2 (Figure 8A) and 
BCL-2 -Ursolic acid complex (Figure 8B).

The RMSD plot depicts how the frames have 
deviated from the initial structure. Both the 
unbound BCL-XL and the BCL-XL -luteolin com
plex (Figure 9) equilibrated after nearly 15 and 
22 ns, respectively with mean values of 7.8 Å 
and 5.9 Å, respectively. The RMSF plot shows on 
average, how much each amino acid has 
deviated from the initial pose. The large values 

at both the beginning and the end of the simu
lation correspond to the fluctuation at the N- 
and C-terminals (Figure 10A and B)

Both the unbound BCL-XL and BCL-XL 
-luteolin complex have an average number of 
H bonds of 33 (Figure 11A).

The average H bonds for the unbound BCL-2 
and BCL-2 -ursolic acid complex (Figure 11B) are 36 
and 38 respectively, the binding of ursolic acid may 
have increased the intramolecular hydrogen bonds 
leading to a more compact structure as shown by 
the RMSD (Figure 8B) and RMSF (Figure 9B) plots.

Figure 7. The Surface Accessible Surface Area (SASA) plots of molecular dynamics (MD) simulation of anti- 
apoptotic BCL-2 proteins (APB2P) (A) BCL-XL (B) BCL-2. Blue line: Apo protein, Pale Orange line: Complexes of 
APB2P with top dock phytochemicals (A: Luteolin and B: Ursolic acid).
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Binding Free Energy Calculation

The binding free energy computed using MMGBSA 
for BCL-XL-luteolin and BCL-2- Ursolic acid is 
−25.1064 and −21.19 Kcal/mol. The decomposi
tional analysis of the binding free energy shows 
the key binding amino acids contributing to the 
binding of luteolin. Luteolin interacted strongly 
with Phe38, Tyr42, Arg43, Phe46, Leu49, Leu71 
and Arg80 which correspond to the amino acid 

residue number (Phe97, Tyr102, Phe105, Leu108, 
Leu130 and Arg139) as numbered in the experi
mental 3-dimensional structure (Figure 12A).

Ursolic acid interacted with Arg45, Phe47, Met50, 
Gln53, Leu54, Arg64, Thr67, Val68, Leu72, Arg81, and 
Alal84, which also correspond to (Arg107, Phe110 
Met112, Gln115, Leu116, Arg126, Thr129, Val130, 
Leu134, Arg143 and Ala146) (Figure 14B) as num
bered in the deposited crystal structures.

Figure 8. The Radius of gyration (RoG) plots of molecular dynamics (MD) simulation of anti-apoptotic BCL-2 
proteins (APB2P) (A) BCL-XL (B) BCL-2. Blue line: Apo protein, Pale Orange line: Complexes of APB2P with top dock 
phytochemicals (A: Luteolin and B: Ursolic acid).
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Cluster Analysis

Analysis of the clusters shows that interactions 
with Phe46 and Arg43 residues were preserved 
in the BCL-XL-luteolin complex. While Asp46 in 
BCL-2-Ursolic acid complex was preserved in 
the clusters. Figures 13 and 14 show interactive 
view of the first and last cluster from both 
systems while the full amino acid interaction 
in all clusters are presented in Table S11: sup
plementary data.

Physicochemical properties of high affinity 
compounds

The five lead phytochemicals (ursolic acid, β 
-Sitosterol, Luteolin, Apigenin 7,4’-dimethyl 
ether, and Basilimoside) with high binding 
energy to the APB2Ps were examined for 
drug-likeness and ADMET properties.

The results for the ADMET analyses of lead 
phytochemicals are presented in Table S5: sup
plementary data. The five-lead presented 

Figure 9. The Backbone-Root Mean Square Deviation (RMSD) plots of molecular dynamics (MD) simulation of anti- 
apoptotic BCL-2 proteins (APB2P) (A) BCL-XL (B) BCL-2. Blue line: Apo protein, Pale Orange line: Complexes of 
APB2P with top dock phytochemicals (A: Luteolin and B: Ursolic acid).
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favorable drugable and ADMET properties over 
a wide range of physiochemical and molecular 
descriptors. They were also predicted to be 
non-AMES toxic and non-carcinogenic.

Discussion

The key regulators of apoptosis in the cell such 
as the BCL- 2 proteins have been explored as 
drug targets towards developing anticancer 

drugs [39]. Presently, more than 20 members 
of the family have been discovered [40]. Among 
them, the anti-apoptotic proteins comprising 
all four BH domains viz BCL-2, BCL-W, BCL-XL, 
MCL-1, BCL-B BFL-1, etc. inhibit apoptosis by 
sequestering multidomain pro-apoptotic mem
bers such as BAX and BAK or by suppressing 
activator BH3-only proteins such as BIM, PUMA, 
BID, and NOXA. A delicate equilibrium is sus
tained between the pro-and anti-apoptotic pro
teins, while increase of pro-apoptotic proteins 

Figure 10. Per residue Root Mean Square Fluctuations (RMSF) plots of molecular dynamics (MD) simulation of 
anti-apoptotic BCL-2 proteins (APB2P) (A) BCL-XL (B) BCL-2. Blue line: Apo protein, Pale Orange line: Complexes of 
APB2P with top dock phytochemicals (A: Luteolin and B: Ursolic acid).
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results in continual apoptosis, repletion of the 
anti-apoptotic proteins circumvents the apop
totic pathway, by inhibiting other pro-apopto
tic proteins. Any interruption of this equilibrium 
is implicated in cancer and other affiliated dis
eases [41]. In the present study, we explored 
the interactions of 103 O. gratissimum-derived 
phytochemicals (OGDPs) against five APB2Ps 
employing computational and biophysical 
methods. From the result of the static docking 
calculations five OGDPs (ursolic acid (UA), β 

-bitosterol, luteolin, apigenin 7,4’-dimethyl 
ether, and basilimoside) exhibit high affinity 
binding to the targets proteins. These phyto
chemicals were docked into the BH3 binding 
grooves of the APB2Ps. The binding mode ana
lysis showed that five lead OGDPs were 
oriented in the active sites, interacting with 
catalytic residues of the APB2Ps in a binding 
mode similar to that of the reference inhibitors 
[42]. This is in tandem with a similar study by 
Adewole and Kayode who reported that, 

Figure 11. The changes in the number of H-bonds during the MDS trajectory of anti-apoptotic BCL-2 proteins 
(APB2P) (A) BCL-XL (B) BCL-2. Blue line: Apo protein, Pale Orange line: Complexes of APB2P with top dock 
phytochemicals (A: Luteolin and B: Ursolic acid).
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Morinda lucida-derived ursolic acid and oleano
lic acid and other phytosterols had high bind
ing energies for APB2Ps [4]. The observed 
minimal binding energy with the catalytic resi
dues of the APB2Ps may have resulted from the 
hydrophobic pockets nature of the pockets, 
since the phytochemicals had groups that can 
interactive with hydrophobic residues [43].

Among the 5 compounds with lowest bind
ing energy, UA, β–Sitosterol and luteolin exhib
ited high affinity binding to multiple anti- 
apoptotic proteins. The beneficial effects of 
UA, which include anti-oxidant, anti-apoptotic, 

anti-inflammatory, and anti-carcinogenic have 
attracted special interest [44]. The higher bind
ing tendencies for BCL-2 and BFL-1 by ursolic 
acid than Gambogic acid is in tandem with 
several in vitro studies that reports their mod
ulatory effects on this protein. For instance, 
early report shows that, treatment with ursolic 
acid led to the down regulation of BCL-2 pro
tein in MCF-7 breast cancer cells [45]. The mod
ulatory effects of β-sitosterol and other 
phytosterols on the activity of these proteins 
have been studied in vitro. For instance, phytos
terols isolated from the root extracts of 

Figure 12. Molecular mechanics/Poisson-Boltzmann surface area (MM/PBSA) plot of binding free energy con
tribution per residue of (A) BCL-XL – Luteolin complex and (B) BCL-2- Ursolic acid complex.
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Clinacanthus nutans inhibited BCL-2 in MCF-7 
cells [46]. Specifically β-sitosterol induced sig
nificant reduction of Bcl-2 proteins in MCA-102 
fibrosarcoma cells [47]. β-sitosterol elevated the 
ratio of Bax/Bcl-2 in human U937 cells [48]. A 
recent studies showed that, other phytosterols 
such as cycloartenol modified the ratio of Bax/ 
Bcl-2 in glioma U87 cells [49]. Another study 
demonstrated the Bcl-2 proteins expression 
reducing effect of stigmasterol in human SNU- 
1 gastric cancer cell line [50]. Luteolin (3,4,5,7- 
tetrahydroxy flavone) is a dietary flavonoid 
found in different vegetables, fruits and medic
inal plants. The cancer cells inhibitory activity of 
luteolin against various preclinical models such 
as human breast, lung, glioblastoma, prostate, 
pancreatic, and colon cancers has been widely 

reported [51]. Luteolin has been reported to 
inhibit carcinogenesis in vitro and in vivo 
through various mechanisms which include: 
protection from carcinogenic stimuli, inhibition 
of proliferative potential of tumor cells, and 
activation and promotion of cell cycle arrest, 
and induction of apoptotic process through 
different signaling pathways [52]. A recent 
study showed that the proliferation of the 
breast cancer cell line (MDA-MB-231) was effi
ciently suppressed by luteolin in a concentra
tion dependent manner [53]. Luteolin has also 
been reported to enhance mitochondrial mem
brane potential collapse and opening of the 
permeability transition pore with the release 
of cytochrome c through inhibition of Bcl-2 
expression [54].

Figure 13. Interactions in human BCL-XL -Luteolin complex (a) cluster 1 and (b) cluster 4. Grey dotted dashed 
lines: hydrophobic interactions; Blue solid line: Hydrogen bond. Amino acids are in one-letter format and blue 
color. Luteolin is in Orange stick representation.

Figure 14. Interactions in human BCL-2-ursolic acid complex (a) cluster 1 and (b) cluster 4. Grey dotted dashed 
lines: hydrophobic interactions; Blue solid line: Hydrogen bond. Amino acids are in one-letter format and blue 
color. Ursolic acid is in Orange stick representation.

EGYPTIAN JOURNAL OF BASIC AND APPLIED SCIENCES 603



The MD simulation revealed desirable 
thermodynamics parameters (RMSD, SASA, 
RMSF, RoG and number of H-bonds) for the 
top ranked phytochemicals in complexes 
with the Bcl-2 and BCL-XL APB2Ps. The full 
100 ns atomistic MD simulation trajectory 
files revealed a high stable conformation 
throughout the simulation when compared 
to the unbound proteins. The SASA and 
RoG were evaluated to access the compact
ness as well as solvent accessibility to the 
Bcl-2 and BCL-XL APB2Ps complexes with 
ursolic acid and luteolin respectively. A rea
sonably steady SASA and RoG were main
tained throughout the simulation time, 
indicating compacted a well folded structure 
with intact intermolecular [55]. Fewer fluctua
tions were observed around the interacting 
residues in the complexes as noticed from 
the RMSF plots. Previous report has estab
lished that increased structural fluctuations 
usually occur in ligands groups participating 
in catalysis, notably the substrate binding 
sites [56], hence the binding of the phyto
chemicals increased the overall stability of 
the APB2Ps. The RMSD plots and computed 
averages proved that the binding of UA and 
luteolin to the active regions of Bcl-2 and 
BCL-XL did not alter the structural conforma
tion of the protein, the lower RMSD values of 
the complex systems indicates a more com
pact structure upon the binding of the phy
tochemicals [57]. The close number of H- 
bonds between the unbound APB2Ps protein 
and complex systems, this further shows that 
the structural conformation of the protein 
was not altered in the simulated systems 
[57]. Binding free energies computed from 
MD simulation trajectories is known to pro
vide more precise estimate of free energies, 
than those gotten from static molecular 
docking calculations [58]. Thus, the binding 
free energies are essential to gain in-depth 
insight into the binding interactions of the 
lead compounds in drug design [59]. The 
results from the computation of free energy 

of binding decomposition by interacting resi
dues of BCL-XL and BCL-2 with luteolin and 
ursolic acid respectively shows that the phy
tochemicals maintained the interactions with 
active site residues in the dynamic simulation 
environment further indicating the strong 
binding potential of the luteolin and ursolic 
acid to the respectively proteins. Clustering 
of the MD simulation trajectories of the com
plex systems established that the interactions 
(H-bonds and hydrophobic interaction) in the 
representative structures of the clusters were 
preserved at different time frames, further 
suggesting that the binding interactions 
reported in this study can be sustained for 
experimental procedures.

The findings from drug-likeness and ADMET 
analysis showed that all the five lead phytochem
icals (ursolic acid, β -Sitosterol, Luteolin, Apigenin 
7,4’-dimethyl ether, and Basilimoside) to the BCL- 
2 proteins, satisfied the requisite parameters used 
by the Lipinski rule of five filtering tool. This sug
gests favorable physicochemical/druggable prop
erties of the compounds [60]. Most importantly 
the aqueous solubility values for these com
pounds were less than zero, indicating that all 
the five compounds are qualified to be used as 
drugs. Since the drug likeness of a given com
pound is correlated to its solubility in aqueous 
medium this further gave a positive indication to 
their bioavailability [61]. The 5 lead phytochem
icals demonstrated high probability gastrointest
inal absorption with high bioavailability [62]. The 
permeability glycoprotein (P-gp) is expressed on 
the surfaces of several cells saddled with the role 
of pumping back compounds or xenobiotics into 
the intestinal lumen, and other parts of the body 
such as capillaries and urine-conducting ducts 
and [63]. All the lead phytochemicals depicted 
non-substrate probability of the P-gp. These prop
erty further enhances the bioavailability and 
reduced rate of excretion for the phytochemicals, 
hence the high their half-lives [63]. The function of 
the hERG channel in cell repolarization and the 
termination of action potential of cardiac cell is 
known, compounds that block the channel may 
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result in cardiotoxicity [64]. The five lead phyto
chemicals presented low probability of blocking 
the hERG channel, indicating their inability of 
causing cardiotoxicity that are related to hERG 
channel [64]. The five lead phytochemicals did 
not display AMES mutagenicity, human hepato
toxicity, may not induce liver injury for drug toxi
city and may not cause skin sensitization All these 
descriptors shows that the lead phytochemicals 
may not cause genetic mutations which is asso
ciated with the pathophysiology of diseases, like 
cancer and hepatoxicity [65] Using several cyto
chrome P450 descriptors, the probability for the 
lead phytochemicals to affect phase I drug meta
bolism in the liver was also studied. The various 
cytochrome P450 were not inhibited by lead phy
tochemicals, hence they may not contrary affect 
the phase I drug metabolism in the liver [66] 
These phytochemicals may be therefore regarded 
to be non toxic with well-disposed druggable 
properties. Although the results from the pre
dicted acute toxicity showed that ursolic acid, β 
-Sitosterol and basilimoside presented moderate 
acute toxicity, while luteolin and pigenin 7,4’, 
dimethyl ether had low acute toxicity [67,68], 
previous experimental studies have shown that 
β -Sitosterol [48], ursolic acid [45] inhibited this 
proteins at an appreciable low doses in an in vitro 
studies, therefore they can be subjected for 
further in vivo experimental studies.

Conclusion

Over expression of anti-apoptotic Bcl-2 family 
proteins is associated with different types of can
cer. The anti-cancer activities of Ocimum gratissi
mum have been reported but the anti-cancer 
constituent(s) have not been identified. Herein, 
we applied different computation techniques to 
screen 103 Ocimum gratissimum derived phyto
chemicals for potential inhibitors against BCL-2, 
MCL-1, BCL-B BCL-XL and BFL-1. The Results from 
this study showed that five lead phytochemicals 
(ursolic acid, β-sitosterol, luteolin, apigenin 7,4’, 
dimethyl ether, basilimoside) had high binding 
tendencies to the five APB2Ps. Ursolic acid, β- 

sitosterol and luteolin exhibited different levels 
of multiplicity binding to atleast two of the anti- 
apoptotic Bcl-2 proteins which may in turn exert 
inhibitory effect to these proteins. The five lead 
phytochemicals satisfied the requisite properties 
for the in silico drug likeness analysis with well 
favorable ADMET properties. Ursolic acid and 
luteolin, complexed with the Bcl-2 and BCL-XL 
respectively, demonstrated high flexibility and 
structural stability in the 100 ns MD simulation. 
Evidences from previous work has established the 
inhibitory potential of ursolic acid, β-sitosterol and 
luteolin against the APB2Ps. The results suggest 
that the anti-proliferative activity O. gratissimum 
may be as a result of the synergistic activities of, at 
least, the lead phytochemicals. There is therefore 
further need to investigate these phytochemicals 
as potential drug candidates.
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