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Although BAX, which is a molecular hit squad that incentive apoptosis was found to be an attractive
emerging target for anticancer agents. The molecular mechanism of small molecules/peptides involved
in the BAX activation was remain unknown. The present focus of the study is to identification and
development of novel molecules which are precisely activates BAX mediated apoptosis. In this process
we identified some syringic acid analogues associated with the BAX hydrophobic groove by a virtual-

KeyWOFd?-‘ screen approach. Results from the docking studies revealed that, SA1, SA9, SA10, SA14 and SA21
Apoptosis analogues have shown good interaction with BAX trigger site, of which SA10 and SA14 bound specifically
SBAM'? id with Lys21 at a1 helix of BAX, a critical residue involved in BAX activation. All docking calculations of SA
Dyrm.glc ad analogues were compared with clinically tested BH3 mimetics. In this entire in silico study, SA analogous
ocking . . . . . . L. .
Mutation have performed an ideal binding interactions with BAX compared to BH3 mimetics. Further, in silico point
ProSA-web mutation of BAX-Lys21 to Glu21 resulted in structural change in BAX and showed reduced binding energy

and hydrogen bond interactions of the selected ligands. Based on these findings, we propose that virtual
screening and mutation analysis of BAX is found to be the critical advance method towards the discovery

of novel anticancer therapeutics.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

BAX is a pro-apoptotic BCL-2 family member that executes the
apoptosis through mitochondrial pathway (Gavathiotis et al., 2010).
The relative levels of pro and anti-apoptotic proteins in the cell
determine the sensitivity of apoptotic event during a stimuli and the
resistance in apoptosis can be due to the excess levels of anti-
apoptotic proteins in the cell (Nuessler et al., 1999; Sawada et al.,
2000). Structural analysis of BAX/BIM BH3 complex described that; a
new binding site is located at N-terminal site formed by the helix1
and 6 of the BAX protein that engage its activation (Gavathiotis et al.,
2012). Exposed form of BAX activation requires the major
conformational changes prompted by the conversion of a1-a2 loop
from closed conformation to open form (Gavathiotis et al., 2008).
BIM SAHB-BAX interaction was carried out through NMR analysis,
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which identifies the minor changes of loop residues located between
H1 and H2 of BAX (Gavathiotis et al., 2008; Vogler et al., 2009).
Identification of small molecules that mimics the function of BIM
BH3 peptide, is one of the strategy for the activation of pro-apoptotic
Bcl-2 members (Nguyen et al., 2007; Wang et al., 2006). BAX activity
neutralized by their counterparts i.e. anti-apoptotic Bcl-2 proteins;
however, in majority of cancer cells, BAX is the most functional
protein and it could be an effective drug target for the cancer
treatment (Walensky and Gavathiotis, 2011; Lessene et al., 2008;
Baell and Huang, 2002).

Several chemotherapeutic agents or knockdown of certain cell
cycle proteins can induce the BAX-dependent apoptosis in cancer
cells (Zheng et al., 2018). Earlier investigations found that, the
natural plant-derived Gossypol and its derivatives showed
antitumor activity in in vitro and animal models by modulating
the BCL-2 members via its BH3 mimetic properties (Azmi et al.,
2011; Quinn et al., 2011a, 2011b; Wilson et al., 2010). BTSA1, a
pharmacologically optimized BAX activator that potently and
specifically binds with the BAX trigger site and induced
conformational changes of BAX leading to BAX mediated apoptosis
in leukemia cell lines (Reyna et al., 2017). Other findings suggested
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that proapoptotic activity of BAX also can regulate by S184
phosphorylation site located in hydrophobic C-terminal tail of BAX.
SMBA1, SMBA2 and SMBA3 are the small-molecule which can
induce conformational changes in BAX by blocking S184 phos-
phorylation (Xin et al.,, 2014). Syringic acid (SA), a phenolic
compound derived from edible plants and fruits (Ramachandran
and Raja, 2010) bring its anti-cancer activity through inducing cell-
cycle arrest, apoptosis, decreasing invasion, cell migration and
prevents the NFkB-DNA binding activity (Abaza et al., 2013). SA
exhibits antiangiogenesis activity by down regulation of VEGF
expression in Zebra fish embryos (Karthik et al., 2014). Virtually
derived SA analogues shown to inhibit proteasome activity in
human malignant melanoma cells (Orabi et al., 2013). Some
hydrazones derived from SA have shown potent free radicle
scavenging activity by inhibition of ROS generated in diseased cell
(Belkheiri et al., 2010). Design and screening of small molecules
with different chemical moieties capable of targeting Bcl-2 family
proteins are of great therapeutic interest (Azmi et al., 2011; Kazi
et al., 2011; Delgado-Soler et al., 2012; LaBelle et al., 2012).
Therapeutic strategies to selectively activate apoptosis in cancer
have focused on inhibiting anti-apoptotic BCL-2 proteins. In the
present study, we designed several analogues of SA and screened for
their druggability, toxicity and binding affinity with BAX protein
using in silico method. Only few selected compounds were further
docked with BAX trigger site for the investigation of BH3 mimetics
by observing the binding mode of standard BAX activator (BAM-7).
The in silico point mutation of BAX was developed using pyMOL
mutagenesis wizard, which impaired the binding strategy and
geometry of active site for the ligands examined in the present
study. These are clearly explained by changes in ProSA web Z values
and electrostatic potential energy of native and mutant models.
Based on these in silico analysis, first time we have reported some SA
analogues that selectively binds to BAX trigger site, as evident from
the in silico mutation and docking studies. This study provides
insights for the development of BH3 mimetics/direct BAX activators
which can induce the BAX mediated apoptosis in cancer cells.

2. Materials and methods
2.1. Data set preparation

A series of SA analogues were prepared by inducing structural
modifications onto the source structure using the database of
substituents and linkers available in Molinspiration server
(Lipinski et al., 2001). These were designed by maintaining the
synthetic procedure. A data set of 563 SA analogues were drawn by
Chem Draw ultra 8.0 (Cambridge Soft, Cambridge, MA, USA) and all
the generated structures were simulated by Hyper Chem as
described elsewhere (http://www.hyper.com, 2003).

2.2. Virtual Screening and Drug-Likeness PredictionVirtual screening
and drug-likeness prediction

Virtual screening of chemical database is a supportive approach
to identify novel and potential leads which are suitable for further
optimization. In this study, the in silico physicochemical properties
of all designed SA analogues were predicted according to the
Lipinski’s Rule of Five (Lipinski et al., 1997) using the molinspira-
tion software. This data predicted the desired ranges of physi-
ochemical properties for newer molecules and they were used as
filters for drug development.

2.3. ADMET prediction

The filtered hits were further screened by ADMET properties
which refer to the adsorption, distribution, metabolism, excretion

and toxicity of a molecule within an organism. ADMET properties
of the novel compounds were calculated using the pre-ADMET
server (http://preadmet.bmdrc.org/) (Irvine et al., 1999; Zhao et al.,
2001).The ADMET properties of in vitro plasma protein binding, in
vitro MDCK cell permeability, human intestinal absorption, in vivo
BBB penetration and in vitro Caco-2 cell permeability were
predicted using this server. Finally, the compounds, which passed
the above various filters, were subjected to molecular docking
studies and visual inspection. Among all designed analogues, 29
compounds include SA were chosen for docking on to BAX trigger
site based on their ability to follow Lipinski rule of five and ADMET
properties.

2.4. Molecular docking

The SA based structural analogues were used for virtual
screening against the selected active site of the BAX protein to
understand their molecular interaction and binding mode by
docking analysis. The docking studies were carried out with an
automated docking program Auto Dock4.2 (Morris et al., 2009).
Before docking all the components such as BAX, SA, and its
analogues were optimized. BAM-7 and other previously charac-
terized BH3 mimetics are used as reference compounds for
comparative docking analysis.

2.4.1. Protein and ligand preparation

The crystal structure of BAX (PDB: 1F16) was obtained from
NMR structure in Protein Data Bank (Berman et al., 2002). Prior to
initiating the docking simulations, all non-protein molecules were
removed, for any alternative atoms locations only the required
location was retained. The 3D structures of the SA and its designed
analogues were generated by PRODRG server (Schuettelkopf and
Van Aalten, 2004) and pre-optimized using the MMFF94x force
field. 3D structures of reference compounds (BH3 mimetics) were
retrieved from Pubchem database. All ligand molecules were
docked against energy minimized BAX using Auto Dock4.2 docking
program.

2.4.2. Prediction of BAX active site residues

The structural and binding site information of BAX was
analyzed through PDBSum (http://www.ebi.ac.uk/pdbsum) and
is linked to Computed Atlas of Surface Topography of Proteins
(CASTp) program (http://cast.engr.uic.edu). The confluence of
a-helices 1 and 6 formed the BH3 trigger site on BAX and is
structurally defined by a hydrophobic groove comprising the
amino acids Met20, Ala24, Leu27, Ile31, lle133, Met137 and Leu141
and a perimeter of charged and hydrophilic residues, including
Lys21, GIn28, GIn32, Glu131 and Arg134.

2.4.3. Docking method

Protein-ligand docking method employed to understand the
binding interaction of SA analogues onto BAX protein. The
complete docking protocol was followed according to method
described by Cheemanapalli et al., 2016. The hierarchies of ranking
positions for docked ligands are assigning based on lowest binding
energies (Kcal/mol). The higher negative value of docking score
indicates a greater binding affinity of the ligand with receptor.
After docking, the ligand-receptor complexes were analyzed by
PyMOL visualizing program (Delano, 2006).

2.5. In silico point mutation of BAX

For understanding the significance of binding efficiency of BAX
with selected ligands, we performed the single amino acid
substitution in the a1 helix of its trigger site. The BH3-induced
BAX activation and binding of BIM SAHB to BAX can be weakened
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by K21E point mutation (Gavathiotis et al., 2010). In silico point
mutation of Lys21 to Glu21was generated using the mutagenesis
tool in pyMOL and energy minimization of the mutated protein is
performed using Swiss PDB Viewer (Thompson et al., 1994). The
energy minimized mutant protein is used for further docking
studies. In the pyMOL mutagenesis, the replaced residues with best
side chain conformer (rotamer) fits to the protein structure is
selected and exported as pdb file. The quality of mutant protein
was checked by Verify3D (Luthy et al., 1992; Bowie et al., 1991) and
ProSA-web (Sippl, 1993) tools. Verify 3D calculates the position of
amino acid residues and its environmental score in the 3D models.
The mutation creates any structural problems can be identified by
the comparison of scores of mutated amino acid residues with wild
type residues. ProSA-web calculates the Z-score (energy profile)
for overall model quality and energy deviation of the protein.
Experimentally determined all protein chains in PDB are displayed
in the Z-score plot and it is used for the better understanding for
the prediction of Z-score of specific model. If the Z-score is outside
the range of native proteins, the model structure is predicted to be
as an error. The surface potential energy shows the changes in
charge distribution and amino acid residue content in the protein.
The charge distribution on the protein surface represented in
different colors; the blue color represents the electropositive
potentials, red color represents the electronegative potentials
whereas the green represents a potential halfway between the
electropositive and electronegative extremes. Amino acid muta-
tions alter the protein flexibility as well as intra-or intermolecular
hydrogen bonding network, resulting in significant deviation away
from the wild-type characteristics of the proteins.

3. Results and discussion

Exploring the novel anti-cancer agents extracted from natural
sources or synthetic procedures have become a significant strategy
in cancer therapy. Moreover, to identify the selective therapeutic
agents which precisely induce the apoptosis through BAX
activation, a need to develop potent drug-like molecules.
Currently, several BH3 mimetics are developed and most of them
are under clinical trials. For the development of an effective BH3
mimetics, we interested to work on a small molecule, syringic acid.
While it has been shown several therapeutic applications, it has an
ability to inhibit the carcinogenesis. In the present study we
designed a library of SA analogues and screened for their property
of BH3 mimetic through docking analysis. SA analogues were
designed by a series of structural changes induced on SA main
structure by using Molinspiration server. All the designed
molecules were further screened by subjecting through Lipinski’s
rule and ADMET tools. The molecules were filtered based on their
druglike ness and ADME properties. The finally selected molecules
were screened for their BH3 mimetic action through docking
studies. In docking analysis, all ligand molecules were docked on
energy minimized BAX protein using Auto Dock4.2. The grid based
energy evaluates the ligand conformation in docking simulations.
The ligands placed in auto grid covered grid map dimensions
60A x60A x 60A with grid spacing of 0.375A. The docking
protocols Lamarckian Genetic Algorithm (LGA), Genetic Algorithm
(GA), and simulated annealing are implemented in the Auto
Dock4.2 for the calculation of ligand binding conformations. In all
the docking simulations the population size and docking runs were
set to 300 and 100 respectively. Additional docking parameters
were set to default values for all the other three algorithms. The
outcomes of docking results were ranked by the binding energy
(kcal/mol) and inhibition constants (Ki). The conformation of each
docked compound obtained based on the criterion of from 2.0 A
root mean square deviation (RMSD) using Auto Dock cluster
module. For the comparison of binding properties of SA analogues,

we used clinically tested BH3 mimetics as a reference compounds
in this docking analysis.

3.1. Design and virtual screening of SA analogues

The present focus of the study is to design a set of SA analogues
and screen for their druggability, ADMET properties and finally
access their binding interaction with BAX target protein using an in
silico approach. Among all, 29 compounds were chosen for docking
onto BAX based on their ability to follow Lipinski rule of five and
ADMET properties. The physicochemical properties such as TPSA
(Polar surface area), molecular weight, logP (Octanol-water
partition coefficient), H-bond donors/acceptors and number of
rotatable bonds of the selected compounds calculated in silico are
summarized in Table S1. The results showed that all the screened
analogues were satisfied the Lipinski’s rule.

3.2. ADMET predictions

ADME analysis of 55 compounds (SA and its 54analogues)
predicted for their Absorption, Distribution, Metabolism and
Excretion through Pre-ADMET software. The druggability of the
designed compounds should have the perfect ADME properties,
and only they will be approved as a drug in clinical tests. In the
present study, out of 55compounds, 29 were shown satisfactory
ADMET results (Table S2). All 29 compounds showed well
intestinal absorption and middle permeability for in vitro Caco-2
cells. The pharmacodynamics and pharmacokinetic properties of a
drug can influence by the degree of binding to plasma proteins. The
bound drug in plasma can serve as a reservoir for free drug
removed by various elimination processes thus prolonging the
duration of action. The Extensive plasma protein binding will
increase the amount of drug that has to be absorbed before
effective therapeutic levels of unbound drug are reached. Here, in
with respect to ADME, the percent of drug bound with plasma
proteins was predicted and the compounds SA3, SA9, SA11, SA14,
SA29, SA36, SA37, SA46 and SA49 were predicted to bind strongly
and remaining compounds were weakly bound to plasma proteins.
The compounds SA1, SA14, SA21, SA36, and SA37 showed low
permeability and the rest of them showing middle permeability for
in vitro MDCK cells. The effective delivery of drugs to the CNS can
be determined by BBB. For in vivo blood brain barrier penetration,
the compounds SA1, SA3, SA12, SA14, and SA52 showed poor
absorption and the remaining all showed middle absorption to
CNS. Only the CNS active compounds must pass across the BBB and
avoid the side effects caused by CNS inactive drugs.

3.3. Docking study

The BAX protein consisted of 192 residues with 9a helices
without [ sheets. The N-terminal BH3 trigger site on BAX is formed
by the confluence of a-helices 1 and 6 (Fig. 1A) and the binding
mode of SA and its analogues on the trigger site was illustrated in
Fig. 1B. Molecular docking studies of compounds against BAX
trigger site revealed that all of them showed good interaction with
best docking scores dominated by hydrogen bonding with active
site residues of a-helices 1 and 6. Both hydrophobic and
hydrophilic amino acid residues of active site groove are paly a
contributing role in the interaction with ligands. Auto Dock4.2
docking program used to performing molecular docking and it uses
binding free energy evaluation to find the best binding mode. Fifty
docked confirmations were obtained for each ligand and the
confirmation with the highest docking energy values were selected
as an optimal binding confirmation. The least and highest docking
scores were found with the compounds SA36 and SA14 respec-
tively, but both of them are not showing satisfactory ADMET
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A N-terminal end

~C-terminal end

Fig.1. A.Crystal structure of BAX and its BH3 trigger site (yellow helices). B. Binding mode of SA and its analogues at trigger site (yellow) of BAX. SA is shown in ball and stick
model (pink) and its analogues represented in lines. (SA1, SA9, SA10, SA14 and SA21 are shown in red lines). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

results with in vitro MDCK cell permeability. Among 29 com-
pounds, SA, SA1, SA9, SA10, SA14 and SA21 with docking energy of
-3.99, -5.73, -5.81, —-5.79, —-5.85 and -5.71 kcal/mol were
selected for molecular interaction studies with BAX protein and
the interaction modes of these docked compounds are depicted in
Figs. 2 and 10(a, ¢ & e). However, the reference compounds (BH3

mimetics) have shown docking energies in a range from negative
to positive values viz., —6.67 (BAM-7), —4.85 (Obatoclax), —4.06
(Apogossypolone/ApoG2), —3.95 (MIM1), —2.75 (ABT-199), —2.25
(TW37), —2.20 (ABT-737), +2.91 (Apogossypol), +94.72 (Gossypol),
+398.93 (BI-97C1/Sabutoclax), +889.14 (ABT-263/Navitoclax).
BAM-7 has shown highest binding energy (-6.67 kcal/mol) with

Fig. 2. The docked poses of SA, SA1, SA9, SA21 and its interactive residues within the BAX trigger site. Ligands are represented in stick forms and hydrogen bonds are shown in
black dashed lines. (Docked images of BAM-7, SA-14 and SA-10 are illustrated in Fig.10).
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BAX, which is found to be more than that of all SA analogues and
other reference compounds examined in this study (Table 1).
Molecular structures of docked SA analogues and reference
compounds were shown in Figs. 3 and 4, respectively. Among all
the SA docked analogues, SA14 showed highest docking score of
—5.85 kcal/mol and which is higher than that of SA and its
analogues and lower than that of BAM-7. SA9 and SA10 occupied
the second and third ranks in the docking scores of all docked
molecules. SA and SA8 have shown same docked energy of
—3.99 kcal/mol. The BAX-ligand complexes have revealed that, the
common residues involved in hydrogen bonding formation are
Lys21, GIn28, Glu44, Ala46, Leud7, Asp53, Ser118, lle133, Arg134,
Thr135, Met137, Asp142, Glu146. The comparison of ligand binding
residues and H-bond interaction of SA analogues and BH3
mimetics are summarized in Table 2. The distance between the
H-bond interactions of all docked compounds were found in the
range of 1.5-3.4A (<5A). In the hydrogen bonding, majority of
donor atoms were from BAX residues and a very few were counted
on SA analogues and reference compounds.

BAX activator molecule (BAM-7) was bound to the active site
residues of Lys21, Gly29, Asp53, Met137, Leu141 and Leu161 depicted
in Fig. 10 (a).The atoms of Asp (OD1&0D2) and Lys (HZ3) involved in
hydrogen bonding interactions with the hydrogen (H11) and
nitrogen atoms (N12&N18) of BAM-7 (Table 2). SA14 showed
docking score of —5.85 kcal/mol with two hydrogen bonds with HZ2
of Lys21 and HG1 of Thr22 residues of BAX (Table 2), while parent
compound SA (-3.99 kcal/mol) showed the lowest score among the
selected compounds with establishment of three H-bonds between
the H24, 07 and 08 atoms of SA and atoms of OE1 (GIn28), HH21
(Arg134) and HE (Arg134) respectively (Table 2). The addition of
halogenated furanring to the hydroxyl group of SA led to significantly
influence the affinity and potency of among all designed compounds.
The possible reason may be that insertion of halogen atoms in the led
compounds was predominantly performed to steric effects, through
the ability of these bulk atoms occupy the deeper pockets of target
protein and it favors to contribute the stability of drug-target
complex (Gillisetal.,2015).Inthe chemical point of view, insertion of
halogens in the new chemical entities increases the lipophilicity, oral
bioavailability and CNS penetration (Gerebtzoff et al., 2004; Gentry
et al,, 1999). SA14 was shown poor CNS penetration and significant

Table 1

good values for LogP and oral bioavailability. The proposed binding
mode of SA14 in Fig. 10(c), suggested that, it was surrounded by the
binding pocket of six residues of GIn18, Lys21, Thr22, Arg109, Phe 114,
Leu132 and Ile136. The oxygen atoms of the SA, SA1 and SA21 share
common amino acid Arg134 for the formation of hydrogen bond. The
OE1 atom of the GIn28 shown hydrogen bond interactions with the
ligand atoms of SA (H24) and SA9 (014) shown in Fig. 2a&c. SA10 has
formed single hydrogen bond with HZ1 atom of Lys21 and also
shown non-bonding interactions with Glu17, Leu25, Leu141, Arg145
and Leu149 of BAX residues, shown in Fig. 10(e). The results obtained
from this docking study revealed that all the proposed docked
ligands involved in the interaction of active site residues of BAX in
direct mode or indirect mode. The obtained models demonstrate
that, the atoms in the side chains that are added onto SA are mainly
involved in the interaction with amino acid residues of BAX binding
pocket. The oxygen atoms present on the ligands are essential for
interaction with the residues of protein.

Apoptosis regulating signaling pathways and mitochondrial
factors are often compromised to resistant during cell transfor-
mation, and it is an exciting challenge to develop small
molecules or BH3 mimetics capable of inducing apoptosis in
cancer cells. The BH3-only proteins are able to directly bind and
activate BAX and Bak proteins are critical for cell death.
Exploitation of the BH3-only protein features provides clues
for the development of therapeutic anti-cancer drugs. For the
past decade a number of BH3 mimetic drugs were produced. The
BH3 mimetics are either peptides or synthetic molecules
identified from random screening of natural products libraries
or designed/improved by rational structure-based techniques. In
the present study we designed a library of SA analogues through
computational approaches and compared their binding inter-
actions with BAX. Some clinically tested well known BH3
mimetics like BAM-7, Obatoclax, Apogossypolone/ApoG2,
MIM1, ABT-199, TW37, ABT-737,Apogossypol, Gossypol, BI-
97C1/Sabutoclax, ABT-263/Navitoclax were used as reference
compounds in this comparative studies (Fig. 4 & S13 (A-K)).
Docking analysis revealed that BAM-7 has shown best BH3
mimetic compared to other BH3 mimetics as well as SA
analogues. In the overall study, SA analogues have shown more
docking energy with BAX, compared to known BH3 mimetics.

Comparison of docking energy of SA analogs and BH3 mimetics on BAX trigger site calculated by Auto Dock4.2.

Compound “Total Binding energy Intermolecular energy Torsional energy Internal energy Inhibition constant “RMS deviation
clusters (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (nM) (A)
SA 27 -3.99 —-4.77 137 -0.59 1180 0.24
SA1 12 -5.73 —6.62 1.65 -0.75 63.15 0.91
SA9 15 -5.81 —6.09 110 -0.82 55.01 0.72
SA10 13 -5.79 —6.15 110 -0.75 56.66 144
SA14 2 —5.85 -7.03 1.92 -0.74 51.38 0.56
SA21 1 -5.71 —6.50 192 -113 65.08 142
BAM-7 7 -6.67 -5.95 1.65 -2.37 12.83 0.36
Obatoclax 5 -4.85 —6.04 119 -1.47 279.73 1.62
Apogossypolone/ 20 —4.06 —6.14 2.09 129 1060 1.26
ApoG2
MIM1 8 -3.95 —5.74 1.79 -2.71 1280 1.00
ABT-199 1 -2.75 —6.63 3.88 -3.91 9570 0.82
TW37 2 -2.25 -5.53 3.28 24.88 22510 0.93
ABT-737 3 -2.20 -6.98 4.77 -0.04 24280 1.90
Apogossypol 12 +2.91 1.46 247 -1.02 - 0.00
Gossypol 26 +94.72 91.44 3.28 -3.21 - 0.00
BI-97C1/ 3 +398.93 394.46 4.47 102.1 - 0.00
Sabutoclax
ABT-263/ 2 +889.14 871.55 4.66 12.92 - 0.00
Navitoclax

2 The best clusters of a total 100 runs are shown.
b Value for the optimal structure in the cluster.
¢ The geometry fit was measured by r.m.s. deviation of angles.
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Fig. 3. Structures of best docking hits of SA analogues and BAM-7(the direct BAX activator molecule) examined in this study.
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Fig. 4. Chemical structures of clinically tested BH3 mimetics.

The prototype BH3 mimetic ABT-737 selectively targets the
three prosurvival proteins BCL-XL, BCL-2, and BCL-W and its oral
derivative ABT-263 (navitoclax) can induce BAX/BAK-dependent
apoptosis in vitro and have antitumor effects in animal models

(Tse et al., 2008; Van Delft et al., 2006). At molecular level, docking
analysis of these two molecules (ABT-737 and ABT-263) suggested
that, binds with Lys21 of the BAX trigger site and it may
accountable for BAX induction (Fig. S13-C&B). The derivative of
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Table 2

Comparison of ligand binding residues and H-bonding interaction of SA analogs and BH3 mimetics at BAX trigger site.

Compound H-bond interaction Distance (A) Donor atom Acceptor atom
Protein Ligand
GIn28:0E1 H 2.0 OE1 H
SA Arg134:HH21 0] 1.8 HH21 0]
Arg134: HE 0] 19 HE 0]
Thr135:0G1 H 2.2 0G1 H
SA1 Argl134: CO H 2.2 Cco H
SA9 GIn28: OE1 (o] 3.5 OE1 (o]
SA10 Lys21: HZ1 0] 2.0 HZ1 0]
SA14 Lys21: HZ2 0] 1.6 HZ2 0]
Thr22:HG1 0] 2.0 HG1 0]
SA21 Arg134: HH21 (o] 22 HH21 (o]
BAM-7 Asp53: OD1 H 2.0 OD1 H
Asp53: OD2 N 34 0oD2 N
Lys21: HZ3 N 19 HZ3 N
Obatoclax Leu47: CO N 32 co N
Leu47: CO H 19 Cco H
Apogossypolone/ ApoG2 Argl45:HH11 [0} 1.8 HH11 (0}
MIM1 Met20:CO H 23 co H
Lys21:HZ1 0] 24 HZ1 0]
Lys21:CO H 24 Cco H
ABT-199 Lys21:HZ3 0] 1.8 HZ3 0]
Asp53:0D2 0] 34 0oD2 0]
TW37 Lys21:HZ1 0] 25 HZ1 0]
Lys21:HZ1 0] 23 HZ1 0]
ABT-737 - - - - -
Apogossypol Lys21:CO H 2.3 co H
Gossypol Met137:CO [0} 2.6 co [0}
lle133:CO H 21 co H
BI-97C1/ Sabutoclax Thr140:CO H 2.5 co H
Ser118:NH H 29 NH H
Phe30:CO H 2.6 co H
ABT-263/ Navitoclax Lys21:HZ2 0] 1.5 HZ2 0]
Met20:CO 0] 34 co 0]
BIM-SAHB (peptide) Lys21:HZ1 Ala164:CO 1.8 HZ1 Ala164:CO
Lys21:HZ3 Ala161:CO 2.6 HZ3 Ala161:CO
Glu17:0E2 Ala164:CN 2.7 OE2 Ala164:CN
Glu146:0E2 Argl153:NH1 33 OE2 Argl153:NH1
Asp142:0D2 Argl153:NE 34 0oD2 Argl153:NE

cycloprodigiosin, GM15-070 (Obatoclax) can activated apoptosis
via releasing Bak from Mcl-1 and Bim from Bcl-2 and Mcl-1
(Konopleva et al.,, 2008). The in silico hypothesis of Obatoclax
shown that, interaction of Leu47 of the BAX trigger site may release
the BAX from its counterpart, Bcl2 (Fig. S13-H). The other BH3
mimetics Gossypol and its derivatives such as apogossypol and
apogossypolone (ApoG2) are currently in preclinical evaluation,
whereas the benzoylsulfonide derivative TW37 has already
reached phase I/II trials (Arnold et al., 2008; Lessene et al.,
2008; Azmi et al.,2011; Quinn et al., 2011a, 2011b; Wei et al., 2011).
All these compounds have similar binding capacities with
moderate affinity and induce BAX mediated apoptosis in various
cancer cells. The molecular interactions of these compounds with
BAX has revealed that, binding at a-helices 1 and 6 of BAX trigger
site may induce the conformational change of BAX, which leads to
mitochondrial mediated cell death (Fig. S13-D,E,F&]). Gavathiotis
and colleagues have reported that SAHB derived from the BIM BH3
helix can directly bind to BAX at an interaction site (Gavathiotis
etal., 2008). The docking study of BIM SAHB (PDB: 2YQ6) with BAX
was shown that, SAHB binds at hydrophobic BAX trigger site and
form hydrogen bond interactions with Lys21, Glu17, Glu146 and
Asp142 residues (Fig. S13-K). The SA analogues have shown similar
kind of interactions with BAX like other BH3 mimetics examined in
the present study. By the above information we can strongly
hypothesized that designed SA analogues may induce the BAX
mediated apoptosis in cancer cells. Along with these BH3
mimetics, recently identified several molecules which induced
the apoptosis through BAX activation. A data on Morusin (isolated
from the root bark of Morus alba L.) has been demonstrated to

modulate the expression of the anti-apoptotic protein Survivin and
pro-apoptotic protein BAX in human breast cancer cells (Kang
et al, 2017). The Mpyricetin, a flavonoid reported to induce
apoptotic cell death in HepG2 human hepatocarcinoma cells and
HCT-15 human colon cancer cells via increasing the BAX/BCL2 (Kim
et al., 2014). The BAX Targeting Compound (BTC-8), a derivative of
BAM-7 alone or in combination with the alkylating agent TMZ, was
evaluated in human Glioblastoma cells and it was demonstrated to

Fig. 5. The proposed model of BAX/BIM BH3 interaction (BAX and BIM BH3 is
represented in Green Limon and Magentas helices respectively). The picture
depicted the H-bond interactions between BAX and BimBH3 residues at BAX trigger
site. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. Z-score (overall model quality) and energy plots (local model quality) for the (A) wild type; (B) K21E mutant generated through ProSA web server. The area of light blue
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protein model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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inhibit Glioblastoma cell proliferation through the induction of
mitochondrial membrane permeabilization (Daniele et al., 2018).
The effect of doxorubicin induces mitochondrial-dependent
apoptosis by down-regulation of Bcl-xL and up- regulation of
BAX and caspase-9 expression in Breast Cancer Cells (Sharifi et al.,
2015). A recent data has suggested that an active compound
Cinobufagin (CBF) isolated from secretory glands of Bufo gargar-
izans can significantly increase BAX expression and decrease Bcl-2
expression in MCF-7 cells (Zhu et al., 2018).

The BAX activation requires the interaction of Lys21 with the
Glu158 of BAX activator molecule, BIM BH3 helix. K21E mutation
of BAX leads to decrease in strength of interaction with its
activator. Among all SA analogues examined in the present study,
SA-10 and SA-14 only can interact with K21 of BAX and showed
good docking energies compared with other BH3 mimetics. For
the clear evidence of K21 interaction with activator molecules, we
have performed mutation analysis for comparative study of
docking mode, binding strength, ligand flexibility for wild type

Fig. 8. Surface diagram of wild type and mutant type (K21E) of BAX. The surface potentials are different in wild type (a) and mutant type (b), and colors on surface are based on
electrostatic potential and bound residues (ball and stick) in protein. The potential energy of wild type and mutant type is —45.607k,T/e to +45.607k,T/e; —59.297 k,T/e to
+59.297k,T/e respectively, where ky, T, and e are the Boltzmann constant, temperature and the electron charge, respectively).

BIM BH3

BIM BH3

(b)

Fig. 9. Inter and intra molecular contacts in BIM BH3/BAX complex of WT and K21E. Model structure of wild type (a) and K21E mutant type (b) of BAX with BIM BH3 peptide is
shown in helices. Interacting residues are shown in ball and stick model and hydrogen bond interactions are represented as blue dotted lines. K21E point mutation reduces the
hydrogen bond interaction with E158 of BIM BH3 (b) and impaired the helix structure by altering the H-bond distances (A) of E17 and Q18 in wild and mutant types. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and mutant type of protein. For these, SA-10, SA-14 and BAM-7
have been taken as ligands against mutant type of protein for
docking studies.

3.4. BAXk>1r mutation

The point mutation of BAX occurs in helix1 but does not
disturb the overall conformation of a-helical secondary
structure. The change at residue 21 from Lys to Glu point
mutation was generated using in silico mutagenesis pyMOL
wizard. Glu158 of BIM BH3 peptide forms intermolecular
hydrogen bond with the side chain of Lys21 of BAX (Fig. 5).
However, the Lys and Glu residues are differ in charge and size.
Substitution of lysine to glutamic acid results in a minute changes
in ProSA-web Z-score, from—7.11 to—7.1 (Fig. 6), while there was
no change in Verify 3D score (0.53) (Fig not shown). The

WwT

compatibility between sequence and its structure can be
calculated using energy function ProSA-web Z-score. The minor
fluctuation observed in Z-score value of mutant protein is —7.1; it
shows that changes came about local model quality of protein by
substitution of amino acid residue. The Lys21Glu point mutation
in BAX produces a minor local conformational change by
observing the intra and intermolecular hydrogen bonding
interactions with contiguous residues. WHAT IF is also used to
check the normality of the local environment of amino acids. The
WHAT IF evaluation shown that, point mutation leads to change
in local environment of amino acid residues in protein model
(Fig. 7). The electrostatic potential energy for the native and
mutant protein is —45.607k,T/e to +45.607k,T/e and —59.297k,T/
e to +59.297kyT/e respectively (where kp, T, and e are the
Boltzmann constant, temperature and the electron charge,
respectively). The surface potentials for wild and mutant protein

K21E
M

(b)

Fig. 10. Binding interactions of BAM-7, SA-14 and SA-10 with the selectivity filter in WT (a, c & e) and K21E mutant (b, d &f) of BAX. The blue arrow heads represent the wild
(K21) and mutant (E21) residues. The hydrogen bonds are shown in blue lines. The image illustrated the position and orientation of ligands and changed interactive residues at
trigger site of wild and mutant type of BAX. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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are shown in Fig. 8. The changes in potential energy are supported
for the stability of protein structure. Structural changes of protein
determined by its amino acid composition and any mutation
occurs at specific position creates difference in potential energy. It
is conformed that the substitution of any residue modifies energy
and stability of protein. Hydrogen bonding interaction (inter &
intra) was observed in native and mutant protein is reduced,
depicted in Fig. 9. In native structure of BAX, lys21 forms
hydrogen bond (1.6 A) with side chain of Glu158 of BIM BH3
peptide (Fig. 9a) however; the mutation creates reduction of this
hydrogen bond (Fig. 9b). The length of hydrogen bond distances

Table 3

was observed at local residues interacts with lysine or glutamic
acid of native and mutant proteins. E17, Q18, A24 and L25 residues
forms intra molecular hydrogen bonds with lysine or glutamic
acid and confers its protein stability. The change in hydrogen
bond length determines the local conformation of helices and its
stability. Here, E17 and Q18 residues hydrogen bonded with K21
or E21, the changes observed that bond length is differ in wild and
mutant type of protein. The changed hydrogen bond length of E17
is 1.9A to 2.0A; Q18 is 2.7 A to 2.3 A for wild type and mutant
type respectively (Fig. 9a&b). The minor change in local structure
determines total structural stability of protein.

Difference in docking energy of binding and inhibition constant calculated by AutoDock4.2 for WT and K21E.

Compound Docking energy (kcal/mol) Inhibition constant (M)
WT K21E Difference WT vs K21E WT K21E Difference WT vs K21E
BAM-7 —6.67 —5.68 —0.99 12.83 69.13 56.3
SA-14 -5.85 —-4.33 -1.52 51.38 674.92 623.54
SA-10 -5.79 —4.15 -1.64 56.66 911.6 854.5

WT

Fig. 11. Docked ligand conformations at trigger site of WT and BAX »1e. The docking energy of first three ranked ligands (BAM-7(a, b); SA-14(c, d) and SA-10 (e, f))
demonstrates the binding mode and flexibility at the trigger site of wild and mutant type of BAX. The docking poses of ligands are more vicinity to K21 in WT than E21 in
mutant type. The nearest conformers shown more docking energy in WT compared to mutant.
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BAX Closed Loop

BAX Open Loop

Fig.12. In Silico predicted model of BAX activation is initiated by displacement of a1-a:2 loop from closed to an open conformation induced by the ligands examined in the

present study.

3.5. Assessment of wild type vs. mutant BAXy;edifferences via protein
docking with ligands of SA-10, SA14 and BAM-7

The docking results revels that, point mutation of BAX at
albrings to change the binding energy, docking mode and
flexibility of SA analogues and BAM-7 at trigger site. The mutation
analysis can justify the stronger and weaker interactions of bound
ligands at active sites of proteins. The lys21 is the crucial step for
the activation of BAX upon interaction with ligand molecules.
Fig. 10 depicts the observation of difference in ligand flexibility at
the Lys21 site of BAX. Mutation directs the docking mode of ligands
from native to unusual form by changing the binding interaction of
amino acids. BAM-7 hydrogen bonded with R145 of mutant type
and shown hydrophobic interactions with E21, A24, 119, 166 and
D142; however the same ligand which forms three hydrogen bonds
with wild type residues of BAX. The docking energy of mutant with
BAM-7 reduced to —5.68 kcal/mol from the wild type value of
—6.67 kcal/mol. The similar criteria i.e. reduced docking energy
and binding constants were happened for SA analogues (SA-10 and
SA-14). The difference in docking score and inhibition constant for
the wild and mutant type was summarized in Table 3. Three
ligands examined in the docking study on mutant type have
different functional groups in their chemical moiety. The docking
energy of mutant was found to be lower than that of wild type of
protein, stating that the mutant model (BAXk»ig) had a weaker
binding affinity for ligands. Hydrogen bond confers the great
stability of protein-ligand complexes; a large number of hydrogen
bonds form more stable complexes (Steiner and Koellner, 2001).
The docking study of protein-ligand binding mechanism of native
and mutant reveals that mutant has weaker interaction with
ligands than its native type of protein model. Ensemble docking
was applied to the rigid protein structure for the reasonable
conformations and proper hydrogen bond formation of ligands at
its active site. A single docking conformation of ligand can failed to
explain the correct binding mode and hydrogen bond interactions
with receptor. In the present study, we organized the docked
ligands (BAM-7, SA-10 & SA-14) based on their lowest binding
energy hierarchy. The compounds with highest docking energy are
occupied very close to the Lys21 of native type, where as in mutant
type occupied away from the Glu21 residue. The nearest con-
formers to the k21/E21 residue were shown in dark salmon (red)
color, represented in Fig. 11. The actual binding and interaction
requires the fitting of ligands at binding pockets propinquity to
target residue (K21), it is successful with the first ranked position
of bound ligands (dark salmon color sticks). Initiation of BAX
activation occurs trough the expose of amino acid residues from 12
to 24, which is taken away by ac1-a2 loop displacement. BIM SAHB

and BAM-7 directly engages the BAX trigger site by producing
steric hindrance at the junction of at1-a2 loop. In silico predicted
model of BAX activation through displacement of a1-a2 loop from
closed to an open conformation induced by the ligands repre-
sented in Fig. 12. Flexibility and conformation of ligands
determined by its specific functional groups, such as methylated
compounds express more energy than its counter parts. The
difference in docking energy, internal energy and inhibition
constants were observed more in mutant than wild type of
protein complex.

4. Conclusion

Among all virtually proposed SA analogues, only five; SA1, SA9,
SA10, SA14 and SA21 showed highest docking energy with BAX
protein, of which SA10 and SA14 specifically interact with Lys21
residue. From the docking results, we compared that SA analogues
have shown best docking energies and detailed molecular
interactions with BAX residues than BH3 mimetics. The results
of in silico mutation of BAX from Lys21 to Glu21 decreased
structural stability and reduced hydrogen bonding interactions
with its BIM BH3 peptide. Comparative docking studies of SA10 and
SA14 with wild and mutant types revealed differences in docking
energy, inhibition constant and binding residues involved in
hydrogen bond formation; BAM-7 also showed similar results with
both types. By observing interaction of SA analogues (SA10 and
SA14) and BAM-7 with wild and mutant proteins, we concluded
that SA analogues showed almost similar activity with BH3
mimetic, BAM-7. The combined molecular modeling and mutation
studies provide selection of small molecules as better interactive
agents for the target proteins in cancer prevention.
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