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ABSTRACT

The molecular docking approach was used to determine the binding affinities and the
interactions of B-cell lymphoma 2 (Bcl-2) both of wild-type and mutated Bcl-2 (Gly101Val)
in complex with five polyphenolic compounds which were reported to have biological activity
in cancer therapy: Hesperetin, Quercetin, Cleomiscosin B, 5'-Methoxy-7'-epi-jatrorin A, and
Procyanidin B2. The compounds were found to act as BH3-mimetics. They bind into the
hydrophobic groove of BH3 motifs. Procyanidin B2 exhibited favorable binding free energies
for both wild-type and mutated Bcl-2 (-8.30 to -8.80 kcal/mol). Molecular dynamics
simulations and conformational analysis investigated the dynamics of Procyanidin B2 when
bound to Bcl-2 in solution. Procyanidin B2 tightly binds to the hydrophobic groove of wild-
type Bcl-2 (-24.79 kcal/mol) compared to the mutated species (-17.15 kcal/mol). Mutated
residue in BH3 motifs induced structural changes, widening the hydrophobic cavity. This
change potentially allows interference by surrounding water molecules, thereby weakening
the protein-ligand interaction.

Keywords: BH3-mimetics; Computer-aided drug design; Conformational dynamics;
Molecular docking; Molecular dynamics simulations

1. Introduction scientific community, sparking profound
From the early 1970s onward, interest. This affliction persists as one of the
cancer has consistently captivated the most destructive diseases globally, claiming
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millions of lives annually. As per the World
Health Organization (WHO), cancer stands
as a primary global cause of death,
contributing to almost 10 million fatalities
in 2020 [1], equivalent to nearly one in six
deaths. They predicted the rising of cancer
cases from 19.3 (2020) million to 30.2
million by 2040 [2]. Cancer cells exhibit
several hallmarks, with evading apoptosis
being a prominent feature. The primary
cause of cancers, irrespective of their type,
is the overexpression of antiapoptotic
proteins [3]. The anti-apoptotic proteins are
categorized under the B-Cell Lymphoma 2
(Bcl-2) family of proteins. The Bcl-2 family
proteins regulate the intrinsic pathway,
which is the key signaling pathway of
apoptosis. The Bcl-2 family proteins
regulate apoptosis by controlling
mitochondrial outer membrane permeability
through protein-protein interactions [4]. The
unique feature of Bcl-2 family proteins is
the presence of at least one Bcl-2 homology
(BH) domain out of highly conserved four
BH (BH1-BH4) regions [5]. Basis of the
functional roles, Bcl-2 proteins are divided
into pro-apoptotic, anti-apoptotic, and BH3-
only proteins [4]. During apoptosis, BH3-
only activators bind with both pro-apoptotic
and antiapoptotic proteins [4]. BH3-only
sensitizers release the BH3 activators from
antiapoptotic  proteins, which initiates
mitochondrial outer membrane
permeabilization, leading to the release of
biomarkers, and triggering the activation of
the apoptotis in a cell [6].

BH-3 mimetics are small molecules
that can induce apoptosis in cancer cells by
binding with antiapoptotic proteins [7].
Despite the creation of numerous BH3
mimetics, their potential as inhibitors is
hindered by limitations such as cytotoxicity
and thrombocytopenia [8-10]. Natural plant
polyphenols have demonstrated
effectiveness as inhibitors of antiapoptotic
proteins;  however, their therapeutic
potential has been hindered by dose-
dependent toxicity observed during clinical
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trials [10]. Venetoclax is the first U.S. Food
and Drug Administration (FDA)-approved
BH3 mimetic, indicated for treating chronic
lymphocytic leukemia or small lymphocytic
lymphoma [11]. Nonetheless, Venetoclax is
inefficient with malignancies that show Bcl-
2 GlylOlVal mutation [12]. Hence,
numerous efforts are underway to develop
BH3-mimetics use in monotherapy or
combinatorial therapy as potential Bcl-2
inhibitors.

Molecular docking and molecular
dynamics simulations were wused to
investigate the BH3-mimetic activity of five
polyphenolic compounds, known for their
antiproliferative activity and their capability
to downregulate Bcl-2 proteins [13-16]. The
chemical structures of five polyphenolic

compounds: Hesperetin (Ci6H140g),
Quercetin  (CisHi007), Cleomiscosin B
(C20H15038), 5'-Methoxy-7'-epi-jatrorin =~ A
(C20H130), and Procyanidin B2

(C30H26012), are presented in Fig.1.
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Fig. 1. Chemical structures of (a)

Hesperetin, (b) Quercetin, (c) Cleomiscosin
B, (d) 5'-methoxy-7'-epi-jatrorin A, and (e)
Procyanidin B2.

We hypothesized that the bioactive
compounds could bind within the BH3
binding pocket of either Bcl-2 wild-type
(WT) or Glyl01Val (G101V) mutated Bcl-2
and could act as BH3-mimetics. Molecular
docking studies were employed to obtain the
binding energy and investigate the structural
interactions between five polyphenolic
compounds inside the BH3 binding pocket
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of wild-type and mutant Bcl-2 proteins. The
complex structures of the bioactive
compound with the maximum binding
affinity to the Bcl-2 protein in molecular
docking calculations are further evaluated
for conformation dynamics through
molecular dynamics (MD) simulations.

2. Materials and Methods
2.1 Molecular constructions

Hesperetin (Compound CID 72281),
Quercetin  (Compound CID 5280343),
Cleomiscosin B (Compound CID 156875),
and Procyanidin B2 (Compound CID
122738) were extracted from the PubChem
database. The compound 5'-methoxy-7'-epi-
jatrorin A was constructed and its energy
was minimized using Chem3D 16.0 via the
MM2 method. Molecule structures of Bcl-2
proteins from Birkinshaw’s group [12]
(PDB ID: 600K and 600L) and the
Venetoclax molecule were selected for
further molecular docking calculations as
Bcl-2 WT and mutant type (Bcl-2 G101V),
respectively.

2.2 Molecular docking calculations

Based on the literature and FDA-
approved BH3-mimetics, the amino acid
residues involved in the binding site on the
Bcl-2 protein were determined. Hydrogen
atoms were added, and water molecules
were removed from the crystal structures via
the Discovery Studio 2020 Client (DSC)
program [17]. Ligands were docked into the
binding site of both the WT and mutant Bcl-
2 using AutoDock Tools 1.5.7 [18] and
AutoDock 4.2 software packages [19]. The
Bcl-2 receptor proteins were kept rigid,
while ligands were kept flexible. The ligand
binding pocket was centered in a grid of size
66 x 66 x 66 with a 0.375 A spacing. The
conformational search was performed using
the Lamarckian Genetic Algorithm [20],
with the remaining parameters set to default.
One hundred docking simulations were
conducted for each ligand. The best-fitting
conformation, characterized by the lowest
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binding energy (AG) and a higher cluster
frequency, was selected for further analysis.

2.3 Molecular dynamics simulations

MD simulations of the Bcl-2 WT and
mutant Bcl-2 complexes with Procyanidin
B2 were performed using the AMBER20
program package [21]. The molecular
docking calculations obtained the initial
coordinates of the receptor-ligand complex
structures. Both receptor-ligand complexes
were then placed in a periodically truncated
octahedral box with TIP3P water molecules,
chosen for its wversatility and well-
parameterized properties across a wide
range of biomolecular force fields [22]. The
buffer distance between the receptor-ligand
complex and the box boundaries was set to
10 A to prevent atomic migration of the
complex structure to the adjacent periodic
box. The recently developed AMBER-FB15
force field [23] was adopted to simulate the
dynamics of Bcl-2, while the general
AMBER force field was used for
Procyanidin B2. The isothermal-isobaric
ensemble (NPT) was employed to regulate
the system environment under ambient
conditions (1 atm and 25 °C).

The SHAKE algorithm [24] was
applied to provide constraints for bonds
connected to hydrogen atoms. MD
trajectories were collected, and the stability
of the receptor-ligand complex was assessed
by observing system energies and the
atomic root-mean-squared deviation
(RMSD) for both the receptor and ligand.
The binding energies between Procyanidin
B2 and Bcl-2 were determined using the
Generalized Born surface area continuum
solvation (MM/GBSA) method [25].

3. Results and Discussion

3.1 Molecular docking validation
Re-docking is a method utilized to

validate the docking protocol by employing

a known crystallographic complex with a

ligand. In the case of the Venetoclax

molecule, the co-crystallized ligands were
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removed from the protein and subsequently
re-docked into their crystallographic
complex  using  molecular  docking
approaches. The energy and RMSD of the
binding pose were considered when
validating the docking protocol. Following
the re-docking process, the docked ligands
were superimposed onto the crystal
structures, as illustrated in Fig. 2.

[ Experimental
Flexible receptor/ligand

- Rigid receptor/ Flexible ligand
PDB ID: 600K
PDB ID: 600L

Fig. 2. The molecular superposition models of
redock ligands from molecular docking. The
ligands are shown in stick models, and protein
structures are represented as surface.

Re-docking of Veneotoclax:600K and
Venetoclax: 600L were well performed for

the prediction of AG of bound complexes
with small alterations from the experimental
values around 0.72-1.84 kcal/mol and 0.32-
2.32 kcal/mol for rigid and flexible docking
calculations, respectively, as shown in
Table 1. As well, the results demonstrate a
high similarity between the re-docked
binding pose and the experimental
configuration of the protein-ligand complex,
with RMSD values of 1.69 A and 1.34 A for
WT and mutated G101V, respectively. The
RMSD is lower than 2.0 A, suggesting good
accuracy in the docking calculations [26].
Hence, this methodology was employed to
predict the binding interactions of five
polyphenolic  compounds with  Bcl-2
proteins.

3.2 Molecular Docking Analysis

The experimental binding energy
(AG) values of Venetoclax are -14.58
kcal/mol with for WT and -11.58 kcal/mol
for G101V [12], indicating a lower binding
affinity of Venetoclax when the Bcl-2
G101V mutation occurs. This observation is
consistent with our docking calculations, as
depicted in
Table 2.

Table 1. The RMSD (A) of molecular superposition between molecular docking structures

and x-ray structures.

PDB ID AG (kcal/mol) RMSD (A)
Rigid Flexible
Exp. Rigid Flexible Ligand Ligand Protein Overall
600K -14.58 -12.74 -14.90 1.61 1.69 0.68 1.48
600L -11.58 -12.30 -13.90 1.84 1.34 0.52 1.19
The docking calculations for AG binding affinity with the mutated Bcl-2

values of Quercetin and 5'-methoxy-7'-epi-
jatrorin A compounds show lower binding
affinity with the mutated G101V Bcl-2,
similar to Venetoclax. The experimental
binding energy of Quercetin is -7.88
kcal/mol [14] for WT, with a 0.18 kcal/mol
energy difference, further validating our
docking protocol.

However, Hesperetin, Cleomiscosin
B, and Procyanidin B2 exhibit better
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G101V, as indicated by more negative AG
values. The AG value of Venetoclax is
much lower than that of the polyphenolic
compounds, attributed to the larger
molecular size of Venetoclax compared to
the five polyphenolic compounds in this
study. This allows Venetoclax to occupy
more volume inside the binding pocket of
Bcl-2, resulting in the lower AG value.
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Table 2. Molecular docking binding energy (AG in kcal/mol)) and cluster frequency between

ligands and Bcl-2 proteins.

Ligands WT Cluster G101V Cluster

frequency frequency
Venetoclax -14.90 16 -13.90 4
Hesperetin -7.50 42 -7.70 4
Quercetin -7.70 21 -7.60 84
Cleomiscosin B -7.30 35 -8.10 12
5'-methoxy-7'-epi-jatrorin A -8.30 7 -7.40 29
Procyanidin B2 -8.30 6 -8.80 37

Protein-ligand interaction analysis of
Venetoclax and other ligands revealed 13
common amino acid residues binding motifs
of BH3 mimetics, namely A100, D103,
F104, F112, M115, L137, N143, G145,
R146, V148, Al149, V156, and W202.
Additionally, two amino acid residues,
R107 and V133, were observed to interact
with ligands in mutated Bcl-2.

From the molecular docking results,
the five  investigated  polyphenolic
compounds demonstrated the ability to bind
to the hydrophobic cleft of the Bcl-2
protein. These findings align with in vitro
analyses of Hesperetin, Quercetin, and
Procyanidin B2 on various cancer cells,

(a) Procyanidin B2

Wild Type (WT)

where they have been reported to reduce the
expression of antiapoptotic proteins [15,
16]. Consequently, it can be inferred that
these bioactive compounds exhibit BH3
mimetic activity. However, this activity is
not as robust as that of the clinically
available drug Venetoclax. Procyanidin B2
(ProB2) had the lowest AG of -8.30 and -
8.80 kcal/mol with 6 and 37 cluster
frequencies for WT and mutated Bcl-2,
respectively (Table 2), indicating good
binding potential. Hence, the stability of the
complex structures and the conformational
dynamics of ProB2/Bcl-2 complexes in an
aqueous system were further analyzed by
MD simulations.

(b) Dynamics of mutated residue (G101V) in Bcl-2
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Fig. 3. The visualization of ProB2 complexed with Bcl-2 WT and G101V mutated Bcl-2 from
minimization step through 100 ns MD simulations.
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Fig. 4. Energetic contributions of binding energy for WT and mutated G101V Bcl-2/ProB2

complexes from stable interval of 90 to 100 ns.

3.3 MD Simulations Analysis

The visualization of the ProB2
complex with both Bcl-2 WT and mutated
Bcl-2 G101V, spanning from the
minimization step through a 100 ns MD
simulation, is shown in Fig.3. ProB2's alias
setting, represented by different colors in
the stick model, distinguishes its structure.
Specifically, the blue and green colors
denote 'branch-1' and 'branch-2' of ProB2,
respectively. The dynamic motion of the
mutated amino acid residue is compared
with the original residue in Bcl-2 WT. Stick
models of glycine 101 and valine 101 are
presented, with the carbon atoms
transitioning from white to dark grey to
illustrate the motion along the simulation
progress (minimized to 100 ns). Stick
models of both amino acid structures are
displayed on the right side, excluding the
hydroxyl group of carboxylic acid, as the
peptide bond between amino acids forms via
dehydration, resulting in the detachment of
the hydroxyl group. Black arrows point to

the unfolded alpha-helix in the mutated BH3
motif. All stick models are presented
without hydrogen atoms for clearer
visualization.

The binding affinities of ProB2 to Bcl-2 WT
and mutated Bcl-2 were determined through
binding free energy calculations using the
MM/GBSA method. The calculations were
based on 5,000 frames from the selected
stable interval of 90 to 100 ns. Energetic
contributions in the gas and aqueous phases
are plotted in Fig. 4a. The van der Waals
(AEyqw) and electrostatic (AEcc) energies,
whose summation contributes to the energy
difference in the gas phase (AGgas), are
presented as light blue and light gray bars,
respectively. The electrostatic (AEg) and
nonpolar  (AEqp)  energies,  whose
summation contributes to solvation free
energy (AGso), are presented as red and
mustard yellow bars, respectively. Binding
energy decomposition, revealing promising
interacting amino acid residues, is illustrated
in Fig. 4b. The interacted amino acid
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residues (one-letter abbreviations) are listed
on the y-axis label of bar plots, and their
corresponding energies based on binding
with ProB2 are shown on the x-axis. The

(a) WT Bcl-2 / Procyanidin B2

Hydrophobicity
3.00
2.00

1.00
0.00
-1.00
-2.00
-3.00

[ BH1
H BH2
l BH3

(b) G101V Bcl-2 / Procyanidin B2

Hydrophobicity

[0 BH1

\.,

W BH2

3.00

2.00

1.00 A
0.00 B,
-1.00 / R
2.00
-3.00

H BH3

binding strength is represented by the shade
of the bar color, with strong binding
presented as a darker shade and weak
binding as a lighter shade.

100 ns

100 ns

(c) Water shell Analysis (within 3.0 A range for 100 ns)

45

WT Bcl-2 / Procyanidin B2

40

Avg.
10 9

Number of water molecules

0 20000 40000 60000 80000 100000
Number of frames

G101V Bcl-2 / Procyanidin B2

0 20000 40000 60000 80000 100000
Number of frames

Fig. 5. The binding modes visualization and 3.0 A water shell analysis of ProB2 with WT and

mutated G101V Bel-2.

Table 3. MM/GBSA energies (in kcal/mol)
of WT and mutated G101V Bcl-2/ProB2

complexes.

Component WT G101V
AGgas -61.13+£9.76  -70.02+11.17
AGsol 36.34 +£8.73 52.88 £9.68
AG -24.79+3.11 -17.15+3.43
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The final binding energies and major
energetic components are also summarized
in Table 3. The highly negative interaction
energy in the gas phase (AGgas) counteracted
the positive solvation free energies (AGsor)
for both complex systems. Consequently,
the total energy difference (AG) for both
systems turned out to be negative, implying
favorable protein-ligand binding. However,
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the binding between ProB2 and Bcl-2 WT
exhibited higher strength than the binding
with the mutated species, contrary to the
calculations from the molecular docking.
This inconsistency may be attributed to the
influence of water molecules, resulting in a
different dynamic of the protein structure in
a solvated environment. As discussed earlier
through MD snapshots visualization, the
structure of the mutated Bcl-2 displayed
higher dynamic motion than the WT
species, as well as the dynamics of the
bound ProB2.

The binding modes and
intermolecular interactions are crucial for
gaining insight into the factors promoting
apoptosis-inducing agents' binding. Thus,
here, we focus on the analysis of binding
modes of ProB2 within the hydrophobic
cleft of Bcl-2. Apoptosis can be induced
when the hydrophobic cavity is occupied,
generally by BH3-only proteins or
developed BH3-mimetics. However, the
hydrophobic cavity of Bcl-2 is generally
wide and shallow, posing a challenge to
promote strong binding with BH3-mimetics
[27]. Hence, different designs of BH3-
mimetics may lead to different binding
modes.

As illustrated in Fig. 5(a)-(b), the
analysis is based on the MD snapshot at 100
ns, which represents the last frame of the
MD production and signifies the final
binding state. We found that the overall
binding sites promoting the interaction with
ProB2 for both WT and mutated Bcl-2
shared several amino acid residues: F104,
M115, E136, and A149.

For the hydrophobic sites of Bcl-2
WT, five critical amino acid residues are
labeled in Fig. 5a (left), four highly
hydrophobic—F104, DI11, F112, and
M115. Consequently, they facilitate
hydrophobic interactions with branch-1 of
ProB2. While EI36 exhibits less
hydrophobicity, it promotes electrostatic
attraction to branch-2 of ProB2. Regarding
hydrogen bonding sites of Bcl-2 WT, one
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amino acid residue, Al149, is involved,
along with three water molecules, as shown
in Fig. 5a (right). In contrast, the hydrogen
bonding sites for mutated Bcl-2 form
stronger networks involving three amino
acid residues and five water molecules, as
illustrated in Fig. 5b (right). Two strong
hydrogen bonds are formed with E136 and
G145, while a weaker hydrogen bond is
formed with R146. For the hydrophobic
sites of mutated Bcl-2, only four amino
acids are included—F104, M115, V133, and
A149—as labeled in Fig. 5b (left). As all
these amino acid residues exhibit high
hydrophobicity, they promote hydrophobic
interactions with both branch-1 and branch-
2 of ProB2. Once again, this confirms our
prior analysis that the hydrophobic
interaction is the dominant interaction
between ProB2 and Bcl-2 WT, while the
electrostatic interaction is dominant between
ProB2 and mutated Bcl-2.

In order to systematically define
binding pockets for Procyanidin B2 within
hydrophobic cleft of Bcl-2, the reference
name and definition of binding pocket
should be canonical. According to Denis et
al. [28], they have proposed four binding
pockets (P1, P2, P3, and P4) defined by
amino acid residues within 4 A radius
around Venetoclax which bound to Bcl-2
(PDB ID: 600K). The P1 pocket consist of
Glul18 (E118), Leul19 (L119), and Argl29
(R129). The P2 pocket compose of Aspll1
(D111), Phell2 (F112), Metll5 (M115),
Vall33 (V133), Glul36 (E136), Leul37
(L137), Alal48 (A148), Gluel52 (E152),
Phel53 (F153), Vall56 (V156). The P3
pocket consists of Phel04 (F104) and
Tyr108 (Y108). The P4 pocket compose of
Phe98 (F98), Alal00 (A100), Aspl03
(D103), Trpl44 (W144), Glyl45 (G145),
Vall48 (V148), and Tyr202 (Y202).
Therefore, Procyanidin B2 interacted with
P2 and P3 pockets of wild type Bcl-2.
However, it interacted with P2, P3, and P4
pockets of mutated Bcl-2. These can imply
the potential of the bioactive compound as
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BH3 mimetics based on the ability to
occupy similar binding sites as Venetoclax.

The water shell analysis around ProB2 for
both WT and mutated Bcl-2 is shown in Fig.
5c. The number of water molecules found
within a 3 A spherical radius around ProB2,
bound to Bcl-2 WT, is three times fewer
than in the mutated Bcl-2 throughout the
100 ns simulation. The hydrophobic cleft of
mutated Bcl-2 is wider than in the WT
species because more water molecules can
migrate into the cleft, forming interactions
with ProB2. Previously, we proposed that
the possible cause of the alpha-helical
collapse in the mutated BH3 motif could be
linked to the dynamics of the mutated
residue (G101V). Thus, the widening of the
mutated hydrophobic cavity could be one of
the related consequences of the distorted
BH3 motif. However, other underlying
causes might be contributing to the
widening of the mutated hydrophobic
groove that are worth further investigation.

4. Conclusions

The theoretical investigation of the
molecular binding of five polyphenolic
compounds with both WT and mutated Bcl-
2 demonstrates that these compounds can
bind to the hydrophobic groove of BH3
motifs, functioning as BH3-mimetics.
ProB2 exhibits satisfactory binding free
energies (-8.30 to -8.80 kcal/mol) toward
both WT and mutated Bcl-2 following the
docking calculations. MD analysis was
performed to further explore the dynamics
of ProB2 when bound to the Bcl-2 protein in
a solution. ProB2 shows a superior ability to
tightly bind to the hydrophobic groove of
WT Bcl-2 (-24.79 kcal/mol) compared to
the mutated species (-17.15 kcal/mol). This
is because the mutated residues in BH3
motifs  significantly induce structural
changes in the targeted hydrophobic cleft.
Consequently, the hydrophobic cavity
widens, making it more susceptible to
interference by surrounding water molecules
and ultimately weakening the protein-ligand
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interaction. The results indicate that ProB2
can be considered a promising natural BH3-
mimetic due to its mechanism of action,
occupying the binding site of Bcl-2, similar
to Venetoclax, a commercial BH3-mimetic.
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