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Abstract

Background: In tumor progression, BH3 domain containing Bcl-2 family members, anti-apoptotic proteins, are
potential targets for cancer therapy. BH3 domain inhibitors or BH3 mimetics, a novel class of anti-cancer drugs,
promote the apoptosis by inhibiting Bcl-2 family proteins that are highly conserved mitochondrial intrinsic apoptotic
pathway members.

Methods: In the present study, we have designed 54 different gossypol derivatives and evaluated their potency
by molecular docking studies. Molecular interaction between popular BH3 domain containing targets Bcl-2, Bcl-w,
Bcl-xL, Mcl-1 and gossypol derivatives were investigated by dock score function.

Results: 54 chemo sensitive hydrazide-hydrazone gossypol derivatives (3a-3r) were designed to evaluate their
binding interaction stability with the antiapoptotic targets Bcl-2, Bcl-w, Bcl-xL, and Mcl-1. Among interactions, Bcl-2
and gossypol derivative 3k has shown better interaction. Finally, pharmacokinetic property of each lead molecule
against specific target was further probed to assess the drug likeliness.

Conclusion: Bcl-2 and gossypol derivative 3k complex has shown better interaction among Bcl-2 family
members. Top ranked hydrazide-hydrazone gossypol derivatives against each anti-apoptotic target were further
probed for ADME properties.

Keywords: Gossypol; Hydrazide-hydrazone; Molecular docking;
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Introduction
The comprehensive process of cell division and cell death is tightly

regulated in multicellular organisms. Dysregulation of either of these
biological processes affect the normal development and homeostasis
that often progresses to cancer. During cancer progression cell division
pathways are elevated and programmed cell death or apoptotic
pathways are dropped, therefore, repertoire of these failed mechanisms
are hallmarks of cancer [1,2]. Since the inception of apoptosis; it is
studied in various processes including normal cell turnover, embryonic
development, morphogenesis, aging, cell population regulation and
tumor progression [3,4].

Although apoptosis is very common mechanism to eliminate the
unwanted, damaged or dangerous cells; but there are other flavours of
such mechanisms anoikis, necroptosis, entosis, netosis, pyroptosis or
ferroptosis are also equally responsible for programmed cell death [5].
Apoptosis can be triggered either by exposure to extrinsic factors like
viral infections, xenobiotic and pollutants, or intrinsic factors like
DNA damage, reactive oxygen species (ROS) and reactive nitrogen
species (RNS) [6]. In addition, apoptosis also take part in elimination

of immune cells that are damaged by disease or noxious agents in
immune reactions [7].

Excessive cell division and evasion of cell death is characteristic
features of the cancer. Plethora of literature explains the importance of
targeting apoptotic pathway in cancer therapy by small molecular
compounds [8]. The desirable feature of apoptosis or cell death is
inhibited by a class of anti-apoptotic proteins. The anti-apoptotic
family of Bcl-2 genes and proteins are over expressed in the tumor
progression [9].

BH domain containing Bcl-2 family members Bcl-2, Bcl-w, Bcl-xL
and Mcl-1are essential for survival of the cells, and any loss or defective
function of these proteins cause premature cell death. Bcl-2 family,
BH3 domain, inhibitors were investigated in diverse cancers: leukemia,
hepatocellular carcinoma, prostate cancer, gastric cancer, lung cancer,
and head and neck squamous cell carcinoma [10-13]. Therefore, a
category of therapeutics, 'BH3-mimetics’, have been developed to
counter resistant the mechanisms of Bcl2 family members [14-16].
Despite Gossypol popularized for reproductive damage and male
infertility [17,18], some evidence says it is a BH3 mimetic [19].

Gossypol (1,1’, 6,6’, 7,7’-hexahydroxy-3,3’-dimethyl-5,5’-
diisopropyl-2,2’-binaphthyl-8,8’-dialdehyde) is yellow colored
polyphenolic compound found in pigment glands of cotton plant
(Gossypium sp.) and the tropical tree Thespesia populnea L.
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The phytochemical gossypol is majorly found in leaves, flowers, seed
hulls, bark, and roots of the cotton plant. Gossypol comprises toxic
dimeric sesquiterpenoid often called hemi gossypol, contains three
isoprene units from each terpene monomer and generally protects
plant from pathogens and insects as part of the plant chemical defense
strategy. The molecule has been in the spotlight after the study of
antifertility properties in China [20].

Later studies also revealed the anticancer role of natural gossypol,
racemic mixture of (+) and (-) enantiomers, on colon cancer [21]. The
(-) enantiomer has more cytotoxicity than (+) form of enantiomer
[22]. Furthermore, gossypol derivatives underwent in phase I/III
clinical trials in breast cancer treatment [23].

Therefore the researchers have started investigating the molecular
interaction mechanisms in the cancer cells for the gossypol targets.
Anti-apoptotic mechanism of gossypol interactions with BH3 domain
of Bcl-2 family proteins was explained elsewhere [24]. In addition, a
small variant of gossypol called apogossypol and its derivatives have
also been found to possess anti-tumor genic properties on
antiapoptotic Bcl-2 family proteins [25].

Previously reported gossypol derivatives have shown improved anti-
tumor activity over natural gossypol on breast cancer and prostate
cancer [26,27], water solubility in colon cancer [28], and reduced
toxicity in lung cancer cell lines [25].

In the present study, we have designed a new set of hydrazide-
hydrazone derivatives (Hydrazide Schiff’s base) of gossypol in order to
obtain improved chemotherapeutically sensitive and less toxic gossypol
derivatives. These derivatives were investigated on BH3 domains of
Bcl-2 family proteins. To the best  of our knowledge and based on the
previous literature precedence, the above aforementioned investigation
has not been reported in the literature so far. So this study enumerates
the molecular interaction affinities between anti apoptotic targets
Bcl-2, Bcl-w, Bcl-xL, Mcl-1 and hydrazide-hydrazone derivatives of
gossypol based on molecular docking. Furthermore, top lead of each
target was analysed for ADME properties.

Materials and Methods
In the present study (molecules that inhibit BH3 domains of Bcl-2

family proteins are potential anti-cancer therapeutics, in fact gossypol,
a BH3-mimetic, bind to Bcl-2, Bcl-xL, Bcl-w and Mcl-1), protein data
bank (PDB), X-ray crystal structures - 4IEH, 2YXJ, 2Y6W, and 5FDO –
of aforementioned targets are used for docking.

Molecular docking reveals the preferred orientation and
conformation of gossypol derivative in BH3 domain pocket after
forming stable complex. Scoring function of the Molegro virtual
docker 6.0 reports the binding affinity score or docking score between
protein and ligand [29]. Except Bcl-w, remaining targets’ active site or
binding site co-ordinates were obtained from PDB database, while Bcl-
w active site residues have been analyzed in Pocket Query, CASTp and
Phyre online tools as shown in Table 1 along with a protein sequence
database Uniport, and structure database PDB identifiers.

The designed hydrazide-hydrazone gossypol derivatives were
sketched in Marvin sketch 5 that supports the stereo chemical bonding
between atoms. Before evaluation, the feasibility of the synthesis of
these derivatives were sketched in sdf chemical file format were
considered based on Schiff base reaction. All sketched 2D molecules
were converted  to 3D structures with explicit hydrogens.

Finally, these newly designed hydrazide-hydrazone compounds
(3a-3r) were screened for top ranked hit in Molegro virtual docker.
Scoring function – MolDock score and searching algorithm MolDock
SE is selected with grid resolution of 0.2 Å. Energy of the docked
complex was minimized along with H-Bonds.

Absorption, distribution, metabolism and excretion (ADME)
prediction

ADME properties were calculated using QikProp v 3.0 tool of
Schrodinger software [30]. QikProp provides ranges for comparing an
exact molecule’s properties with those of 95% of known drugs.
QikProp also flags 30 types of reactive functional groups that may
cause false positives in high throughput screening assays. It also
evaluates the suitability of analogs based on Lipinski’s rule of five [31],
which is essential to ensure drug-like pharmacokinetic profile while
using rational drug design. All the analogs were neutralized before
being used by QikProp v3.0.

Results and Discussion
Objectives of the study: (1) To design some new hydrazide-

hydrazone derivatives of gossypol from naturally occurring phenolic
carboxylic acids (2) To evaluate the molecular interaction affinities
between anti apoptotic targets Bcl-2, Bcl-w, Bcl-xL, Mcl-1 and
hydrazide-hydrazone derivatives of gossypol based on molecular
docking (3) To predict the binding modes of ligands in active sites with
reference to anti apoptotic targets (4) To determine the ADME
properties of lead molecule against each anti apoptotic target.

The hydrazide-hydrazone derivatives of gossypol (3a-3r, Figure 1)
were designed by coupling the corresponding hydrazide derivatives
(2a-2r, R-group with –CO-NH-NH2 functional group) with the parent
gossypol ring structure (possessing –CHO functional group). The
hydrazide derivatives 2a-2r (R-group with –CO-NH-NH2) can be
easily prepared from the corresponding phenolic carboxylic acids (-
COOH functional group) as starting materials.

It is interesting to note that most of these phenolic carboxylic acids
are abundantly available from plant resources [32], as an example,
hydrazide compounds such as 2a, 2b, 2h and 2k are derived from the
phenolic carboxylic acids viz., p-hydroxy benzoic acid, α-Resorcyclic
acid, Pinosylvic acid and Digallic acid respectively. For the purpose of
molecular docking, (-) gossypol was used to design the hydrazide-
hydrazone derivatives 3a-3r (Figure 1). The synthesis, characterization
and in vitro/in vivo studies of these derivatives are the future scope of
this research work.

In order to show the molecular interaction affinities between anti-
apoptotic targets, Bcl2 family proteins, Bcl-2 (PDB id: 4IEH), Bcl-xL
(PDB id: 2YXJ), Bcl-w (PDB id: 2Y6W), Mcl-1 (PDB id: 5FDO) and
hydrazide-hydrazone derivatives of gossypol, a series of molecular
dockings were carried out on Molegro Virtual docker. This integrated
tool prepares the protein molecule and small molecules for docking
that are essential for prior to docking. Binding modes of ligands are
predicted in active site (co-ordinates are shown in Table 1).
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Figure 1: Structure of various hydrazide-hydrazone derivatives
(3a-3r) of Gossypol.

Target Name Uniprot ID PDB ID Active Site Co-ordinates

Bcl-2 P10415 4IEH 13.00, 27.45, 10.48

Bcl-xL Q07817 2YXJ -11.27, -12.62, 7.93

Bcl-w Q92843 2Y6W -19.78, 12.85, 5.21

Mcl-1 Q07820 5FDO 6.12, 22.76, -13.57

Table 1: Active site co-ordinates of Bcl-2 family proteins that are used
in molecular docking

Active site residues of each target as follows – Bcl2: Phe63, Arg66,
Tyr67, Met74, Leu96, Gly104, Ala108, Tyr161; Bcl-xL: Phe97, Tyr101,
Ala104, Gly138, Ala142, Tyr195; Bcl-W: Leu86 which is predicted
based on active site predicting tools; Mcl-1: Met231, Phe228, Met250,
Leu267, Arg263, Phe270. BH3 domain is highly conserved in Bcl-2
family proteins, and it contains 5 alpha helices (Figure 2a).

Interacting site is partly hydrophilic (red and blue) and aromatic,
and “phe and Leu” are conserved residues (Figure 2b). Steric favorable
(green), hydrogen acceptor favorable (cyan), hydrogen donor favorable
(yellow), and electrostatic favorable (red and blue) regions of the BH3
domain are show in Figure 2c. It is inferred from the Figure 2c that
BH3 domain is mostly steric favorable (green); thus, gossypol (1a) and
its hydrazide-hydrazone derivatives (3a-3r) are most suitable ligands.
We have designed 54 different gossypol derivatives to see their
interaction ability against four antiapoptotic targets, interactions are
shown in Figure 3.

Protein Bcl-2 residues; Asp62, Arg65, Leu96, Asp99, Asn102, and
Arg105; are interacting with gossypol derivative 3k through H-bonds.
Likewise, target Bcl-w residues – Arg56, Thr60, Glu85 and Pro91 – and
gossypol derivative 3b; Bcl-xL residues – Glu129 and Gly138 – and
gossypol derivative 3h; and Mcl-1 residues – Lys234 and Arg263 – and
gossypol derivative 3a; are showing H-bond interactions as shown in
the Figure 3.

Figure 2: Molecular structure and active site of BH3 domain: 2a)
Ribbon view of the BH3 domain, N-ter is shown in blue color and
C-ter is shown in red color and conserved residues are shown in
stick view (Phe, Tyr, Leu and Gly); 2b) Surface view of BH3 domain,
electrostatic charges are shown in blue (positive) and red (negative)
along with active site residues; 2c) Energy map of the BH3 domain
– steric favorable (green), hydrogen acceptor favorable (cyan),
hydrogen donor favorable (yellow) and electrostatic favorable (red
and blue) are shown.

Figure 3: Docked pose of gossypol derivatives in BH3 domains of
Bcl2 family proteins, H-bond interacting residues are shown in
protein ligand complex: 3a) Molecular interaction between gossypol
derivative 3k and Bcl-2 protein; 3b) Molecular interaction between
gossypol derivative 3b and Bcl-w protein; 3c) Molecular interaction
between gossypol derivative 3h and Bcl-xL protein; 3d) Molecular
interaction between gossypol derivative 3a and Mcl-1 protein.

MolDock scores of Bcl-2, Bcl-w, Bcl-xL and Mcl-1 are reported
-250.364, -196.753, -234.244 and -188.749 Kilo Joules respectively.
Among all the apoptotic targets Bcl-2 and gossypol derivative 3k
complex has shown better interaction when compared to others;
followed by Bcl-xL and gossypol derivative 3h, Bcl-w and gossypol
derivative 3b and Mcl-1 and gossypol derivative 3a.

Although previous studies of gossypol derivatives have shown some
improved anti-apoptotic activity, but none of them progressed to
approval due to poor pharmacokinetic activity. The four important
properties of chemical compound absorption, distribution, metabolism
and excretion (ADME) were analyzed to assess drug likeliness. ADME
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properties of lead molecule against each anti-apoptotic target are
shown in Table 2.

The gossypol derivatives have shown poor ADME properties but
these key molecules are indispensable for improving the future studies.

Compound Target Mol Formula MW Donor-HB Acceptor-HB PLog Po/W Plog S BBB Per meant

3k Bcl-2 C58H50N4O22 1155.03 18 24 4.97 -11.3 No

3b Bcl-w C44H42N4O12 818.82 12 14 5.3 -9.18 No

3h Bcl-xL C60H54N4O12 1023.09 12 14 8.77 -13.77 No

3a Mcl-1 C44H42N4O10 786.83 10 12 5.95 -9.45 No

Table 2: ADME properties of lead Gossypol derivatives (3a, 3b, 3h and 3k) in anti-apoptotic Bcl-2 family targets.

Conclusion
Natural gossypol is toxic, less soluble in water, and anti-fertility

agent, therefore, 54 chemo sensitive hydrazide-hydrazone gossypol
derivatives (3a-3r) were designed to evaluate their binding interaction
stability with the antiapoptotic targets Bcl-2, Bcl-w, Bcl-xL and Mcl-1.
Molecular interactions involving H-bonds between protein and ligands
were deduced based on dock score functions. Bcl-2 and gossypol
derivative 3k complex has shown better interaction among Bcl-2
family members. Top ranked hydrazide-hydrazone gossypol
derivatives against each anti-apoptotic target were further probed for
ADME properties. Although drug likeliness is not significant for the
top ranked molecules, but they are good leads for the further
improvement and synthesis of functionally valid BH3 mimetics.
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