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ABSTRACT. The bioactive compounds proceraside A, frugoside
and calotropin, which were extracted from the root bark of Calotropis
procera (Aiton) W.T. Aiton (family Asclepiadaceae), were recently
reported to inhibit the growth of inhibition against various human cancer
cell lines in vitro. However, their modes of action have not been clearly
defined. Therefore, we attempted an in silico approach to gain insights
into their binding modes against the following selected molecular
targets: CDK-2, CDK-6, topoisomerase I, BCL-2, VEGFR-2, telomere:
G-quadruplex, and topoisomerase 11. These targets were selected based
on their key roles in cancer progression via the regulation of the cell
cycle and DNA replication. Molecular-docking analyses revealed that
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proceraside A was the best docked ligand against all the targets, with
the exception of telomere-G: quadruplex. Furthermore, it displayed the
lowest binding energies and inhibition constants, and critical hydrogen
bonds and hydrophobic interactions with the targets were also revealed.
The present study may aid in the identification of possible targets for
proceraside A, and might provide a plausible explanation for its proven
anti-tumor activities. Moreover, the result of this study may further
guide structure-activity relationship studies used to generate more
potent target-specific inhibitors.

Key words: Proceraside; Molecular docking; Anticancer; Cell cycle;
DNA replication

INTRODUCTION

Cancer is a major global health problem (Siegel et al., 2015) and is characterized
by invasive and uncontrolled cell division and the spread of abnormal cells (Greenlee et al.,
2000; Gan et al., 2003). The discovery of cancer treatment drugs is a very complex and costly
endeavor, and only a few drugs that undergo clinical trials actually reach patients. High-
throughput screening (HTS) is the primary method used to identify initial lead compounds
for a particular target disease. However, HTS has a high failure rate, and it does not efficiently
identify desired viable drug leads in most cases. Molecular docking (an alternative HTS
method) provides a rapid way to evaluate likely binders from large chemical libraries with
minimal costs, and it is being widely used as an important component of the drug discovery
process (Stark and Powers, 2012). Recently, the cardiac glycoside proceraside A, together
with frugoside and calotropin were isolated from the ethyl acetate fraction of the methanolic
extract of the root bark of Calotropis procera (Aiton) W.T. Aiton (family Asclepiadaceae).
The compounds were reported to have potent in vitro growth inhibitory activity against human
A549 NSCLC, U373 GBM, and PC-3 prostate cancer cells (Ibrahim et al., 2014) but their
modes of action have not been clearly defined. Therefore, as a preliminary investigation of the
potential molecular targets and to confirm the experimental activity testing for proceraside,
molecular docking was performed using the following enzymes involved in cell cycle, cell
growth and DNA replication: cyclin-dependent protein kinase 2 (CDK-2), CDK-6, DNA
topoisomerases I and II, receptor proteins B-cell lymphoma 2 (BCL-2), vascular endothelial
growth factor receptor 2 (VEGFR-2), and telomere:G-quadruplex.

MATERIAL AND METHODS
Preparation of ligand and receptor

The structures of three major C. procera compounds (proceraside A, frugoside, and
calotropin) were modeled using the Chemsketch software (http://www.acdlabs.com/resources/
freeware/) (Figure 1). The structures were optimized using the MMFF94 force field (Halgren,
1996). The optimization parameters included a number of steps of the 500 steepest descent
algorithm and a convergence criterion of 10e-7, and the optimized compounds were used to
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perform molecular docking. The three-dimensional structures of the following seven molecular
targets (receptors) were obtained from Protein Data Bank (PDB) (www.rcsb.org): CDK-2,
CDK-6, topoisomerase I, BCL-2, VEGFR-2, telomere: G-Quadruplex and topoisomerase II.
The steps for receptor preparation included the removal of heteroatoms (water and ions), the
addition of polar hydrogen, and the assignment of Kollman charges. The active sites were
defined using grid boxes of appropriate sizes around the bound cocrystal ligands as is shown
in Table 1.

Figure 1. A.-C. Chemical structures of Calotropis procera-derived compounds selected for molecular docking.

Table 1. Protein targets, cocrystal ligand, active site residues, and grid box dimensions.

Protein targets

Cocrystal ligand

Active site residuc(s)

Grid box di

No. of grid points (npts)

Center (xyz

)

Grid point spacing (A)
0375

1dis 4-[3-Hydroxyanilino]-6,7- ILE10(A), VALIS(A), ALA31(A), LYS33(A), PHESO(A), 60 x 60 x 60 -7.623,49.881, 11.367
Dimethoxyquinazoline GLUSI(A), PHES2(A), LEUS3(A), HIS84(A), GLN85(A),
ASP86(A), LEUI34(A), ALA144(A), ASP145(A)
Txo2 3,7,3 4 Tetrahydroxyflavone ILE19(B), ALA41(B), LYS43(B), GLUG1(B), PHE98(B), 60 % 60 x 60 2.296,36.095, 138519 0375
GLU99(B), HISI00(B), VALI0I(B), ASP104(B),
GLN149(B), LEU152(B), ASP163(B)
Tzxm P d-Adenyl ASNO1(A), ASN95(A), ARGOB(A), ASN120(A), 60 x 60 x 60 39.262,-1.072, 37.077 0375
Ester ILE125(A), ILE141(A), PHE142(A), SER148(A),
SER149(A), ASN163(A), GLY164(A), TYR165(A),
GLY166(A), ALA167(A), LYSI68(A), THR215(A),
GLN376(A), LYS378(A)
202f 4-(4-Benzyl-4-Methoxypiperidin-1-Y))-N- | ALA97(A), ASP100(A), PHEI0I(A), TYR103(A), 65% 65x 65 -0.024, 3,142, 0361 0375
[(4-{[1,1-Dimethyl-2- ASP108(A), PHEI09(A), MET112(A), VALI30(A),
(Phenylthio)Ethyl]Amino}-3- LEUI34(A), TRP141(A), GLY142(A), ARGI43(A),
NitrophenyD)Sulfonyl]Benzamide VALI45(A), ALA46(A), PHEIS0(A), TYR199(A)
20h4 Methyl (5- {4-[({[2-Fluoro-5- LEUS38(A), VAL846(A), ALASG4(A), GLUSS3(A), 70x 70 x 70 5.396,32.493, 15.884 0375
(Trifluoromethyl)Phenyl]Amino} Carbonyl) | LEUSST(A), VAL897(A), VALI14(A), GLU9IS(A),
Amino]Phenoxy}-1h-Benzimidazol-2- PHE916(A), CYS917(A), LYSI18(A), GLY920(A),
Y)Carbamate LEU1033(A), CYS1043(A), ASP1044(A), PHE1045(A)
1Th 3-Pyrrolidin-1-YI-N-[6-(3-Pyrrolidin-1-YI- | DTI006(A), DTI007(A), DTI008(A), DG1009(A), 45X 45X 60 15.456, 16.903, 7.206 0375
Propionylamino)-Acridin-3-Y1]- DG2001(B), DT2012(B)
1181 4-Ethyl-4-Hydroxy-1,12-Dihydro-4h-2- ARG364(A), THR7IS(A), ASN722(A), DTI0(B), 70x 70 x 70 21171, -3.904, 25,952 0375

Oxa-6,12a-Diaza-Dibenzo[ BH]Fluorene-
3,13-Dione

TGP11(C), DG12(C), DC112(D), DA113(D)
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Molecular docking

The proceraside A, frugoside and calotropin compounds were docked against the
seven molecular targets using the AutoDock4.2 software (Morris et al., 2009). Docking to
molecular targets was executed using the Lamarckian Genetic Algorithm using the following
parameters: an initial population of 150 randomly placed individuals; a maximum number
of 2,500,000 energy evaluations; a mutation rate of 0.02; and a crossover rate of 0.8. Fifty
independent docking runs were performed for each ligand. Conformations that differed by
<2.0 A root mean square deviations (RMSD) were clustered together, and the most favorable
conformation was represented by the lowest free energy of binding (AG) and the lowest
inhibition constant (Ki). The lowest binding energy conformation of the compounds was
selected and evaluated for molecular interactions with their receptors using LigPlot+ v 1.4.5
(Laskowski and Swindells, 2011). To ensure that the binding poses of the docked compounds
represented favorable and valid potential binding modes, the docking parameters and methods
were validated by redocking the cocrystal ligand in order to determine the ability of AutoDock
to reproduce the orientation and position of the ligand observed in the crystal structure.

RESULTS AND DISCUSSION

The redocking of cocrystal ligands to their respective molecular targets exhibited an
RMSD value of <2A between the original cocrystal ligand position and the docked poses
(Figure 2). This confirmed that the ligands were closely bound to the true conformation of
their targets indicating the reliability of the docking protocols and parameters.

The proceraside A, frugoside and calotropin compounds were docked against the
following seven molecular targets to gain insights into their possible binding modes (Figure
3): CDK-2, CDK-6, topoisomerase I, BCL-2, VEGFR-2, telomere: G-quadruplex, and
topoisomerase II. The binding energies and inhibition constants of proceraside A, frugoside
and calotropinare shown in Table 2. The lowest binding poses of the best docked ligand were
selected for analyses of molecular interactions between hydrogen bonds and hydrophobic
interactions. The hydrogen bonds and hydrophobic interactions between the best docked
ligand and molecular targets have been summarized in Table 3.

Proceraside A was docked to CDK-2 and CDK-6 with binding energies of -11.19 and
-10.53 kcal/mol and inhibition constants of -6.30 and 19.16 nM, respectively, which were
considerably lower than those of their cocrystalligands. Both CDK-2 and CDK-6 belong
to the core-cell cycle machinery and they exert catalytic functions when bound to cyclins.
Furthermore, they play crucial roles in cell cycle regulation, apoptosis, transcription, and
neuronal functions (Dai and Grant, 2003; Huwe et al., 2003). The good binding interaction
of proceraside A with CDK-2 may be attributed to the formation of six hydrogen bonds via
the following: the backbone O atom of Glul2, and Glu81; the N atom of Leu83 and Thr165
and hydrophobic interactions mediated through Ile10, Glyl1, Gly13, Vall8, Ala31, Val64,
Phe80, Phe82, Lys129, GInl131, Asnl132, Leul34, Vall63, and Vall64. Interestingly, all
of the hydrogen bonds were only established through the backbone O and N atoms of the
contributing residues. Similarly, proceraside interacted well with CDK-6 and this interaction
was composed of five hydrogen bonds via the following: the side chain O atom of Asp104;
the side chain O atom of Thr107; the side chain O atom and backbone N atom of Asp163
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Figure 2. A.-G. Docking validation by redocking the cocrystal ligands to their corresponding molecular targets as
indicated by their PDB IDs. The original conformation of each cocrystal ligands is displayed in green, stick while
docked poses are represented in pink stick. The root mean square deviation (RMSD) was calculated between the
original and docked poses of the cocrystal ligands. A. RMSD:1.510A (PDB ID:1DI8); B. RMSD:1.466A (PDB
ID:1X02); C. RMSD:1.508A (PDB ID:1ZXM); D. RMSD:0.833A (PDB ID:202F); E. RMSD:1.528A (PD
ID:1L1H); F. RMSD:0.608A (PDB ID:20H4); G. RMSD:0.255A (PDB ID:1T8I).

Figure 3. Molecular interaction between the best docked ligand and target proteins A. 1di8 proceraside A; B.
1x02_proceraside; C. 1zxm_proceraside A; D. 202f proceraside A; E. 20h4_proceraside A; F. 111h_frugoside A;
G. 1t8i_proceraside A. The ligands are shown with thick sticks, while the residues interacting via H-bonds are
shown as thin sticks. H-bonds are shown in cyan. The dotted surfaces correspond to the residue parts that interact
with the ligand via hydrophobic interactions.
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and hydrophobic interactions via Ile19, Gly22, Val27, Lys43, Val77, Phe98, His100, Val101,
Asp102, Glul03, GIn149, Asn150, Leul52, and Ala162.

Table 2. Binding energies and inhibition constants of selected Calotropis procera-derived compounds that were
docked against molecular targets.

C Drug targets (PDB Entries)
CDK-2 (1DIg) CDK-6 (1X02) T 1L (1ZXM) BCL-2 202F) VEGFR-2 (20H4) | Telomere: G (IL1H) | T T(IT8D
BE Ki BE Ki BE Ki (nM) BE Ki (nM) BE Ki BE Ki BE Ki
(keal/mol)| (M) | (kcal/mol)| (nM) | (kcal/mol) (keal/mol) (keal/mol) | (M) | (keal/mol) (M) (keal/mol) | (M)
Proceraside A 1119 630 11053 | 19.16 | -11.09 7.40 -8.97 264.15 | -1131 514 EAT 6120.00 -11.69 2.69
Frugoside 9.53 103.99 | 093 | 5220 | 864 467.46 800 | 1360.00 | -9.46 116.69 | -8.18 1000.00 -10.14 36.94
Calotropin -10.12 3795 832 | 80024 820 979.05 844 654.35 3.64 464.07 | -6.15 30.820.00 -10.66 15.41
Cocrystal ligand | -8.04 127000 | 826 | 88271 1111 7.24 1101 8.56 1246 | 0738 -11.97 168 -10.75 13.23

Numbers in bold indicate compound best docked with target protein.BE = estimated free energy of binding [BE =
final intermolecular energy + final total internal energy + torsional free energy - unbound system’s energy], where
the final intermolecular energy = vdW + Hbond + desolv energy + electrostatic energy; Ki = estimated inhibition
constant [temperature = 298.15 K].

Table 3. LigPlot+ results of molecular interactions between the best docked ligand and molecular targets.

Protein ligand complex Hydrogen bonds H
ing atoms Bond length (A)
1di8 | ideA [ O3... O(GLU12) 2.69 ILE10, GLY11, GLY13, VALIS, ALA31, VAL64, PHES0, PHES2, LYS129, GLN131, ASN132, LEU134, VALI63,
,,,,,, . 3.06 VAL164
...... 2.69
3.00
3.24
(THR165) 270
Txo2 ide A DI(ASP104) 261 ILEI9, GLY22, VAL27, LYS43, VAL77, PHE9S, HISI00, VAL101, ASP102, GLU103, GLN149, ASN150, LEU152,
-OGI(THR107) 2.96 ALA162
-..OD2(ASP163) 2.80
...N(ASP163) 2.8
....N(ASP163) 315
Tzxm _p ide A ... NH2(ARG98) 2.99 ASNSI, ILE125, PRO126, VALI37, ILE141, SER148, SER149, ASN150, GLY 161, GLY 164, TYR165, ALA167
.. NE(ARGI8) 2.69
...N(ARGI62) 275
N(ASN163) 2.99
N(GLY166) 3.24
NE2(GLN376) 297
202f p A ...OD2(ASP100) 3.09 THR93, GLN96, ALA97, PHE101, TYR105, LEU134, GLY 142, ARG143, VALI45, ALA146, TYR199
20h4 A -..O(LEU838) 2.68 VALS46, ALA864, LYS866, GLUSS3, LEUSS7, VAL897, VAL914, GLU915, PHE916, LEU1033, CYS1043,
-..N(CYS917) 3.15 ASP1044, PHE1045
....ND2(ASN921) 312
11h_frugoside A -...04(DT1007) 3.15 DT1006, DG1009, DG2001, DG2012
..04(DT1007) 2.82
..... N3(DT1007) 257
02(DT1007) 2.81
1(DT1008) 257
1814 ide A N(GLU356) 327 ALA351, ASN352, TRP416, LE427, LEU429, PRO431, LYS436, LEU721
-...O(TYR426) 2.67
. .N(MET428) 3.14
...ND2(ASN722) 2.66
...NZ(LYST751) 294
..... NZ(LYST51) 2.69

Proceraside A showed an impressive binding energy of -11.69 kcal/mol and an
inhibition constant of 2.69 nM with topoisomerase I, which was notably lower than that of
the cocrystal ligand. However, with topoisomerase II, its binding energy (-1.09 kcal/mol)
and inhibition constant (7.40 nM) values were comparable to those of the cocrystal ligand.
DNA topoisomerases I and II have both been implicated in cell survival and they play critical
roles in DNA metabolism and structure (Phosrithong and Ungwitayatorn, 2010). Proceraside
A showed the best interaction with topoisomerases I, which involved six hydrogen bonds
formed via the following: the backbone N atom of Glu356, the backbone O atom of Tyr426;
the backbone N atom of Met428; the side chain N atoms of Asn722 and Lys751 and the
hydrophobic interactions via Ala351, Asn352, Trp416, 1le427, Leud29, Pro431, Lys436,
and Leu721. Proceraside A also displayed a good interaction with topoisomerase I through
establishment of six hydrogen bonds via the following: the side chain N atom of Arg98; the
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backbone N atom of Argl62, Asn163 and Gly166 and the side chain N atom of GIn376;
and the hydrophobic interactions via Asn81, Ile125, Pro126, Val137, Ile141, Ser148, Ser149,
Asnl50, Glyl61, Glyl164, Tyr165, and Alal67.

Proceraside A exhibited binding energy of -8.97 kcal/mol and an inhibition constant
of 264.15nM with BCL-2, which was significantly higher than that of the cocrystal ligand.
BCL-2 is an anti-apoptotic oncoprotein that affects neoplastic cell proliferation by preventing
cell death (Reed, 1994). However, proceraside, did not exhibit a favorable interaction with
BCL-2, which may be due to the fact that it was only able to establish one hydrogen bond
with the side chain O atom of Asp100. Furthermore, the major interaction was contributed to
hydrophobic interactions via Thr93, GIn96, Ala97, Phe101, Tyr105, Leul34, Gly142, Argl43,
Val145, Alal46, and Tyr199.

Proceraside A docked with VEGFR-2 with a binding energy of -11.31 kcal/mol and
an inhibition constant of 5.14nM, which was considerably higher than the cocrystal ligand.
VEGFR-2 is a cell surface receptor for VEGF that is highly expressed on vascular endothelial
cells, which can modulate vascular endothelial survival, proliferation, migration, and the
formation of vascular tubes (Veikkola et al., 2000). Proceraside A was able to establish three
hydrogen bonds via the following: the backbone O atom of Leu838; the backbone N atom
of Cys917; the side chain N atom of Asn921, and the hydrophobic interactions via Val846,
Ala864, Lys866, Glu883, Leu887, Val§897, Val914, Glu91l5, Phe916, Leul033, Cys1043,
Asp1044, and Phel045.

However, proceraside A did not exhibit adequate binding energy with telomere:
G-quadruplex, and this is likely to be because of its inability to establish an adequate number
of hydrogen bonds and hydrophobic interactions. We found that frugoside best docked with
telomere: G-quadruplex with a binding energy of -8.18 kcal/mol and an inhibition constant
of 1000 nM, and these values were significantly higher than those of the cocrystal ligand.
Telomeres are highly complex nucleo-protein structures at the end of eukaryotic chromosomes
that influence the proliferative capacity of cells. Mammalian telomeric DNA is composed of
G-rich tandem repeats (TTAGGG) . Moreover, the bulk of telomeric DNA is double-stranded,
but the extreme terminus consists of 3’G-rich single-stranded overhangs composed of several
hundred bases that act as substrates to which telomeric repeats are added by the telomerase
enzyme (Henderson and Blackburn, 1989; Satyanarayana et al., 2004). Although, frugoside
was able to establish five hydrogen bonds via the O and N atoms of the DT1007 pyrimidine
ring and the O atom of the DT1008 phosphate backbone, it exhibited only fewer hydrophobic
interactions via DT1006, DG1009, DG2001, and DG2012.

In conclusion, the molecular docking analysis of proceraside A, frugoside, and
calotropin with macromolecules involved in the cell cycle and DNA replication identified
proceraside A as the best docked ligand, and it exhibited good interactions with CDK-2,
CDK-6, topoisomerase I, BCL-2, VEGFR-2, and topoisomerase II. Proceraside A showed the
lowest binding energies and lowest inhibition constants, and it displayed a greater number of
hydrogen bonds and hydrophobic interactions with the molecular targets, which indicated its
higher binding affinity towards the selected molecular targets. The present study may aid in
target fishing for proceraside A and studies of its binding mode might provide a reasonable
explanation for its experimentally proven anti-tumor properties. Furthermore, this study can
be extended to analyze structure-activity relationships to derive more potent target-specific
inhibitors.
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