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Abstract

Nasopharyngeal cancer is the fifth most common cancer
among males in Malaysia between the ages of 25-59.
Epstein-Barr virus is an established cause of nasopharyngeal
cancer through an excess upregulation of Murine Double
Minute 2 (MDMZ2). This study investigated potential lead
candidates of MDM?2 inhibitors by utilizing Molecular Docking
and Molecular Dynamics Simulations with the existing drug
database, DrugBank. Docking poses were predicted through
GOLD molecular docking software utilizing GoldScore,
ChemScore, and ChemPLP scoring functions; a consensus
scoring was used, achieving an area under the receiver
operating characteristic curve of 0.70. The top two
compounds with high consensus docking scores, Venetoclax
and Phaeophytin-B, were analyzed for binding stability
through 250 ns of molecular dynamics simulation. Both
Venetoclax and Phaeophytin-B showed good stability while
posing favourable binding free energies of —50.46 kcal mol™'
and -50.86 kcal mol”, respectively. Additionally, our
MM-GBSA calculations hinted that the interaction of
Venetoclax and Phaeophytin-B with MDM2 s favoured
through hydrophobic interactions — analogous to p53-MDM?2
interactions. Our study proposes Venetoclax and
Phaeophytin-B as potential chemical scaffolds that can be
used for rational drug design of MDM?2 inhibitors.
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1 Introduction

Nasopharyngeal cancer

(NPC) is

Nasopharyngeal cancer (NPC) is the
fith most common cancer among Malaysian
males between the ages of 25-59 years

defined as a cancer in the epithelium of the
nasopharynx region. Worldwide, NPC has
an estimated 133,354 cases diagnosed in
2020". Although rare in the Western-
regions, significantly higher  age-
standardized rates can be found in East
Asia, South-East Asia, and East Africa
regions.

old". In Malaysia, 4,597 cases of NPC were
reported between the period of 2012-2016,
making it the fifth most common cancer
among male Malaysians between the ages
of 25-59 years old from 2012-2016". In
Sarawak, the males and females of the
aboriginal Bidayuh have a risk of 2.3 and
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1.9 fold, respectively, than the Sarawak
average?.

One of the causes of NPC is the
Epstein-Barr virus (EBV) that upregulates
Murine-Double-Minute 2 (MDM2)3. The
Epstein-Barr virus (EBV) is a ubiquitous
B-lymphotropic virus that is latently carried
by all humans. IgA antibodies to EBV were
detected years before the development of
NPC and viral DNA and EBV antigen were
detected in the epithelial cells of the
nasopharynx region*. The consistent
detection of EBV in NPC cases suggests
EBV is a cofactor of NPC5.

Under normal conditions, MDM2 and
the tumor suppressor 53 protein (p53)
regulate each other in a feedback loop.
Upregulation of MDM2 by EBV virus causes
an excess of MDM2 that ubiquitinates p53
and marks p53 for degradation. The
disruption in this feedback loop affects the
development of NPC5.

It is also known that EBV can enhance
MDM2 gene expression in NPC cell lines
but only in cells that are able to express
MDM2 genes and cannot activate MDM2
genes that are naturally expressed®.
Moreover, EBV-transformed lymphoblastoid
cell lines require suppression of p53 for
growth  transformation and  survival
achieved through MDM2 upregulation®.

Restoring the p53’s role as a tumor
suppressor in the p53-MDM2 feedback
loop emerges as a potential cancer
therapeutic strategy. One of the ways that
the p53-MDM2 feedback loop can be
restored is through the inhibition of MDM2.
MDM2 inhibitors already exist under
preclinical, clinical investigation, and
ongoing clinical trials. Two MDM2 inhibitors
namely, Navtemadlin and Idasanutlin have
shown strong in-vivo activity against EBV-
positive B-cell lymphomas, with the
activation of p53 pathways leading to tumor
suppression’.

NPC disproportionately affects Eastern-
Asian regions, and current MDM2 inhibitors
on the market are limited and still under
clinical trials; targeting the p53-MDM2
pathways by downregulating MDM2 can
resultin the regulation and activation of p53
pathways'8.

Drug repurposing is a strategy for
identifying new uses for approved or
investigational drugs outside their original

medical indication®. This strategy is a
particularly advantageous search as
repurposed drugs have already been found
to be safe in preclinical models and
sometimes early — stage human trials;
there can also be a reduced time frame for
drug development and less investment
may be needed for development or testing.
Repurposing existing drugs as MDM2
inhibitors through computational methods
can provide a more significant number of
drug candidates.

In this work, we evaluated the binding
conformation of the compounds in the
DrugBank database as repurposed MDM2
inhibitors through Molecular Docking and
Molecular Dynamics (MD) simulations.

2 Experimental Methods
2.1 Molecular Docking

Multiple crystal structures of MDM2
(PDB ID: 1YCR, 1RV1, 1T4E, 2GV2, 3JZR,
3JZS, 3LBK, 3TJ2, 3VZV) were obtained
from the RCSB Protein Data Bank to obtain
an ensemble of MDM2 structure
conformation with an open ligand cavity.

The crystal structures were super-
imposed and hydrogenated using the
Genetic Optimization for Ligand Docking
(GOLD) 5.3.0 software™. The crystal
structure of p53 obtained from the 1YCR’s
binding site was used as the reference
binding site and defined as a 6 A radius
sphere around the ensemble of MDM2.

The GoldScore, ChemScore, and
ChemPLP scoring functions implemented
in GOLD were used to determine the top-
scoring docked poses of the compounds.
The docking poses were visualized using
PyMol™.

A Receiver Operating Characteristic
(ROC) curve was plotted to evaluate the
performance of our MDM2 inhibitor
dockings. A consensus scoring was used
for the multiple scoring functions to balance
out the errors of individual scoring functions.
The consensus score was obtained by
normalizing the values of each score, as
shown in the equation below.

Mean normalized value
original docking score — sample mean

maximum docking score — minimum docking score
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The consensus score was calculated
by taking the summation of the three
different docking functions.

2.2 Molecular Dynamics (MD) simulations

MD simulations and binding free
energies were performed via AMBER20. To
prepare the system, the antechamber
module was employed for each individual
ligand to create their topology files,
followed by assigning GAFF ligand
forcefield parameter with the tleap
module'2. In contrast, the ff19SB force field
was applied to the MDM2 protein. After
combining the ligand with the protein, each
system was solvated in a truncated
octahedron periodic box with water
molecules distancing 10 A on all sides
using the TIP3P water model. Their
charges were neutralized with CI~ ions™3.

Two minimization stages were
conducted for each protein-ligand complex,
followed by heating, equilibration, and
production stages. During the initial step,
5000 steps of steep descent followed by
5000 conjugate gradient minimizations
were executed with 300 kcal mol™ restraint
force on the complex, a maximum of
10,000 minimization cycles, and 10 A PME
non-bonded cutoff distance. Thereafter, the
systems were engaged in 100,000 steps of
steepest descent in succession to 10,000
conjugate gradient minimizations with a
maximum of 20,000 minimization cycles
and the same PME cutoff distance. To run
an NVT ensemble, the complexes were
then heated from 0 to 300 K; the
temperatures were controlled with a
Langevin thermostat, while the pressure
was controlled at 1 bar with the Berendsen
barostat. After heating, 5 ns of equilibration
stage via NPT ensemble followed by
250 ns of production stage were taken
place while maintaining the temperature at
300 K and constraining fast motion bond
involving hydrogen atoms wusing the
SHAKE algorithm.

The ftrajectory analysis of the
complexes (RMSD, RGyr and RMSF) was
done using the cpptraj module as seen in
AMBER20 by using a total of 62,500
frames from the 250 ns simulations'®. The
RGyr of the binding pocket residues of
MDM2 was calculated with the residues

that are in 8 A radius from the ligand
binding site of the docked poses (residues:
Met50-Tyr76 and Phe91-lle103). The free
binding energies of the protein-ligand
complex were calculated from a 250
snapshot of the final 10 ns of the simulation
with the MMPBSA.py module of the
AMBER20".

3 Results and Discussions
3.1 Molecular Docking

The scoring functions used in this
experiment are categorized as ‘Empirical
Scoring Functions’, estimating the binding
affinity of the complex and ranking the
complex structure candidates — the highest
ranked structures are used’®.

Each scoring function models the
structure differently, ChemScore estimates
total free energy on binding, ChemPLP
assesses the steric complementarity, and
GoldScore combines force-fields: hydrogen
bonds, van der Waals energy, metal
interactions, and torsion deformations’®.
Consensus scoring allows multiple scoring
functions to be used simultaneously and
can avoid any pitfalls or disadvantages
posed by individual scoring functions®17.

From our docking of known ligands
(Active: 41 compounds, Inactive: 171
compounds), the GoldScore achieved an
Area Under the Receiver Operator
Characteristic (ROC) of 0.65, ChemScore
achieved a ROC of 0.61 and ChemPLP
achieved a ROC of 0.61, and the consensus
scoring of all three scoring functions
achieved a ROC of 0.70 (Figure 1).

The advantage of consensus scoring
can be seen in the ROC curves (Figure 1;
Supplementary Table ST1) during protocol
optimization with  MDM2 inhibitors. The
consensus ROC achieved a sensitivity of
0.70, instead of the lower score ROC when
calculated for individual scores™®. From our
docking of 513 DrugBank compounds, the
DrugBank compounds scored similarly to
the MDM2 inhibitors. In the case of
Venetoclax, it showed the highest
consensus docking score (Table 1).
Meanwhile, both Timcodar and Phaeophytin-
B also showed favourable docking scores
(Table 1). The docked poses are shown in
Supplementary Figure S1.
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Figure 1. ROC curve of scoring functions. (a) ROC of GoldScore, (b) ROC of ChemScore, (c) ROC of

CHEMPLP, and (d) ROC of consensus scoring.

Table 1. The docking scores of the top 10 compounds docked. The three chosen compounds for
Molecular Dynamics simulations are shown in bold.

DrugBank Compound name GoldScore ChemScore ChemPLP Consensus
ID score
DB11581 Venetoclax 91.33 45.81 111.48 2.93
DB12761 Timcodar 81.37 42.29 98.38 2.47
DB04506 Phaeophytin-B (1)* 74.16 42.87 99.33 2.37
DB04506 Phaeophytin-B (2)* 73.45 42.13 100.82 2.36
DB12138 PF-03715455 71.95 38.55 95.82 2.19
DB06494 Sufugolix 80.33 36.65 86.12 2.15
DB06638 Quarfloxin (1)** 66.77 40.20 97.61 2.15
DB12037 Vedropevir 78.51 31.91 93.72 2.14
DB02633 Cibacron blue 83.82 30.86 87.50 2.12
DB06638 Quarfloxin (2)** 75.18 39.04 86.63 2.12

*Isomers of Phaeophytin-B
**|somers of Quarfloxin

Venetoclax is a Bcl-2 inhibitor used to
treat chronic lymphocytic leukemia (CLL),
small lymphocytic lymphoma (SLL), or
acute myeloid leukemia (AML). Synergistic
activity was observed with Venetoclax and
the MDM2 inhibitor, ldasanutlin on AML,
and neuroblastoma cell lines'®2°, These
studies have shown the synergistic effect of
Venetoclax and Idasanutlin on cancer cell
lines with Bcl-2 expression. However, EBV
infection has been found to have low Bcl-2
expression — the main target of
Venetoclax2°,

Phaeophytin-B is a natural pigment
molecule derived from chlorophyll?.
Previous studies have shown anti-tumour
activity of Phaeophytin-B by effectively
suppressing  tumour  promotion in
mammals?2. Additionally, it has demonstrated
the ability to suppress the production of
cytokines by mammalian macrophages,
including humans?3.

Meanwhile, Timcodar is a
benzenepropanamide derivative that is
currently under investigation for studying of
adult solid tumours. Timcodar had
demonstrated the improvement of potency
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of antimycobacterial agents, including
antituberculosis (anti-TB) drugs by acting
as an efflux pump inhibitor?4.

3.2 Molecular Dynamics (MD)
Simulations

Following the results of molecular
docking, we identified three compounds,
Venetoclax, Timcodar and Phaeophytin-B
(Figure 2a-c), to further study the potential
binding  mechanisms  through MD
simulations due to their good consensus

d
O
C

Oﬂb\/

docking scores. The MDM2-docked pose
of the three compounds and the MDM2 in
its apo-state were subjected to 250 ns of
simulation; from the simulation, the Root
Mean Square Deviation (RMSD) and the
Radius of Gyration (RGyr), Root Mean
Square  Fluctuation (RMSF)  were
calculated. Additionally, we simulated a
known MDM2 inhibitor, CHEMBL3908421
(Control) that exhibited the highest docking
consensus score from the known MDM2
inhibitor docking (Supplementary Table ST1).

Figure 2. Chosen chemical structures of the ligands after docking. (a) Venetoclax, (b) Phaeophytin-B,
(c) Timcodar and (d) CHEMBL3908421 (Control).

The average RMSD of MDM2 as a
whole in the apo-state and the complexes
spanned between 1.15 A and 1.66 A. The
Venetoclax-MDM2 complex reached stability
at 140 ns-mark with an average RMSD of
1.48 A (Figure 3a). The Phaeophytin-B-
MDM2 complex and the apo-state
maintained stability throughout 250 ns of
simulation with average RMSD being 1.38
A and 1.66 A, respectively (Figure 3b and

e). Meanwhile, Timcodar-MDM2 complex
reached stability at around the 100
ns-mark, with an average RMSD of 1.46 A
(Figure 3c). The protein RMSD of the
CHEMBL3908421-MDM2 complex
showed stability throughout the simulation
with an average RMSD of 1.21 A
(Figure 3d). In all cases, the residues of the
binding pockets also reached stability
(Supplementary Figure S2).
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Figure 3. RMSD of MDM2 as a whole. (a) RMSD of the Venetoclax-MDM2 complex, (b) RMSD of the
Phaeophytin-B-MDM2 complex, (c) RMSD of Timcodar-MDM2 complex, (d) RMSD of the
CHEMBL3908421-MDM2 complex and (e) RMSD of the MDM2 in apo-state.

Meanwhile, the average RMSD of our

ligands, Venetoclax, Phaeophytin-B,
Timcodar, and the CHEMBL3908421
(henceforth referred to as ligands),

spanned between 1.80 A and 4.83 A
(Figure 4). Venetoclax reached stability at
around the 10 ns mark, with a spike at
around 160 ns but reaching stability with an
average RMSD of 3.99 A (Figure 4a).
Phaeophytin-B showed a relatively low
average RMSD of 2.21 A upon reaching
the 10 ns-mark (Figure 4b). Although
Timcodar showed an average RMSD of
4.83 A throughout the simulation, it did not
attain stability with the RMSD reaching up
to 9.92 A (Figure 4c). CHEMBL3908421
showed the lowest average RMSD with
1.80 A throughout the simulation (Figure 4d).
A high ligand RMSD fluctuation of more
than 2 A would indicate ligand binding
instability?S. In the case of Venetoclax and
Phaeophytin-B, they both showed stability
in binding to the binding pocket of MDM2
with low fluctuations. The initial deviation of
Venetoclax and Phaeophytin-B is due to
slight rearrangements that take place
within the binding pocket (Figure 5).

Next, we assessed the RGyr of the
binding site to observe the compactness of
our complexes and MDM2 in its apo-state

(Figure 6). The binding site compactness of
Venetoclax-MDM2, Phaeophytin-B-MDM2,
and Timcodar-MDM2 maintained stability
throughout the simulation with the average
of 1191 A 1197 A and 11.75 A,
respectively (Figure 6a-c). Meanwhile, both
CHEMBL3908421-MDM2 and MDM2 in
apo-state showed an average RGyr of
11.72 A and 11.93 A, respectively
(Figure 6d and e).

Lastly, we calculated the RMSF of the
amino acids of the complexes (Figure 7a-e)
as a part of our trajectory analysis. In all
complexes, the highest RMSF was seen for
Glu25 and Val109. Additionally, Lys70 in
the Venetoclax-MDM2 complex showed
high RMSF in comparison to the lower
RMSFs in the Phaeophytin-B-MDM2,
Timcodar-MDM2 and the CHEMBL3908421-
MDM2 complexes (Figure 7a-d). All of the
residues of the MDM2-Venetoclax (Figure
7a) complex displayed a significant
increase compared to the MDM2 in apo-
state (Figure 7e). These higher RMSF of
the residues indicate increased global
flexibility and conformational changes of
the MDM2 protein. The Phaeophytin-B-
MDM2, Timcodar-MDM2 and the
CHEMBL3908421-MDM2 complexes
displayed similar RMSF compared to
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MDM2 in apo-state (Figure 7b-e). This
shows that Phaeophytin-B, Timcodar and
CHEMBL390842 binding to MDM2 does
not cause high fluctuations, resulting in
binding site conformational stability. These
two behaviours of our complexes are

RMSD (A)

L]

L L 1 1
50 100 160 200 250

o 4

Time (ns)

RMSD (A)

50 100 150 200 250
Time (ns)

o4

attributed to conserved MDM2, yet a
flexible binding site. The MDM2 binding site
forms the hydrophobic pocket found in
MDM2-p53 binding but varying flexibility
has also been observed after p53 and other
ligands are bound to MDM226:27,

b

0 50 100 150 200 250
Time (ns)

RMSD (A)

50 100 150 200 250
Time (ns)

Figure 4. RMSD of the ligands. (a) RMSD of Venetoclax, (b) RMSD of Phaeophytin-B, (c) RMSD of
Timcodar and (d) RMSD of CHEMBL3908421 (Control).

3.3 Protein-Ligand Interaction &
MM-GBSA Calculations

As the next stage, we calculated the
protein-ligand interaction and binding free
energies to further investigate the binding
stability of our complexes further the MM-
GBSA method using the final 10 ns of the
simulations'™. Both  Venetoclax and
Phaeophytin-B showed higher binding free
— energies of -50.46 kcal mol™' and
-50.86 kcal mol™ in comparison to the
control inhibitor, CHEMBL3908421
(Binding energy: -34.67 kcal mol™)

(Table 2). Meanwhile, Timcodar exhibited
similar binding free energy to the control
inhibitor (Binding energy: -37.93 kcal
mol™") (Table 2). In all cases, the MDM2-
ligand interactions were favoured through
the Van der Waals energy (VDWaal)
energy contribution (Table 2). This showed
that the interactions between the ligands
and MDM2 were dominated through
hydrophobic interactions. These
hydrophobic interactions hinted that our
predicted pose relies on the deep
hydrophobic cleft of MDM2, found between
the a2 helix and middle B sheet?s.
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Venetoclax

Phaeophytin-B

Timcodar

CHEMBL3908421

Figure 5. The initial (0 ns) and the final (250 ns) frames of each simulation of Venetoclax, Timcodar,
Phaeophytin-B and CHEMBL3908421. Venetoclax, Phaeophytin-B, Timcodar, and CHEMBL3908421
are shown in red, green, blue, and purple, respectively. The protein surface is shown in grey.
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Figure 6. RGyr of binding site residues. (a) Binding site RGyr of Venetoclax-MDM2 complex, (b)
Binding site RGyr of Phaeophytin-B-MDM2 complex, (c) Binding site RGyr of Timcodar-MDM2
complex, (d) Binding site RGyr of the CHEMBL3908421-MDM2 complex and (e) Binding site RGyr of
MDM2 in its apo-state.
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Figure 7. RMSF of the residues of MDM2 in apo-state and in complexes. (a) RMSF of Venetoclax-
MDM2 complex, (b) RMSF of Phaeophytin-B-MDM2 complex, (c) RMSF of Timcodar-MDM2 complex,
(d) RMSF of the CHEMBL3908421-MDM2 complex and (e) RMSF of MDM2 in its apo-state.

Table 2. Binding affinities Venetoclax, Phaeophytin-B, Timcodar, and CHEMBL3908421 (Control) with
MDM2. Energy components are presented in kcal mol~' with their standard deviation.

Energy

component Venetoclax Phaeod)hytin-B Timcodar CHEMBL3908421
(kcal mol?)

AEvaw -66.81 +2.72 -65.08 + 4.08 -49.67 + 6.23 -42.52 + 2.96
AEeie -15.09 + 1.79 -6.85 + 3.83 -8.91 + 6.58 -12.76 + 4.53
AEpolar 40.03 + 1.66 29.06 + 3.16 26.97 +5.53 26.26 £ 4.40
AEnon-polar -8.59 +0.15 -7.97 +0.53 -6.32 +0.71 -5.64 + 0.31
AGgas -81.90 + 4.07 -71.94 + 4,51 -58.59 + 8.62 -55.29 +5.25
AGsol 31.44 +1.54 21.08 + 3.25 20.67 +5.21 20.62 +4.29
AGtotal -50.46 + 3.55 -50.86 + 3.41 -37.93+5.20 -34.67 +2.40

Next, we opted to calculate the energy
contribution per residue for each complex.
We considered the residues that
contributed largely (< -1 kcal mol™)
towards the ligand-MDM2 interaction. The
highest contributions for the interaction
between Venetoclax and MDM2 were seen
for residues GIn59, Met62, Gly58, Phe55
and GIn72 (Figure 8a). In the case of
Phaeophytin-B-MDM2 interaction, the
highest contributions were seen for
residues Lys51, Pheb55, Leu54, Glu52,
Thr49, lle61, 11e99 and Val93 (Figure 8b).
Meanwhile, the highest contributions were

seen by Leu54, Phe55, lle61 and Val69 for
the Timcodar-MDM2 complex (Figure 8c).
CHEMBL3908421-MDM2 interaction
showed high energy contributions by the
residues, Leub54, lle61, Met62 and Val93
(Figure 8d). Our ligands Phaeophytin-B
and Timcodar interact with key residues in
the MDM2 N-terminal region and share
residue binding of the p53-MDM2 complex
and other MDM2-Inhibitor complexes;
these key residues are Leub54, Leu57,
lle61, and Val93 (Figure 9a-d)?%33. It is
noteworthy that Venetoclax did not show
significant binding interactions with the
aforementioned key residues of MDM2.
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Figure 8. The top (< —1 kcal mol™') residues of MDM2 that interact with (a) Venetoclax, (b)
Phaeophytin-B, (c) Timcodar and (d) CHEMBL3908421.
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Lys51 Thr49
Glu52

Figure 9. The key residues of MDM2 that interact with the ligands. (a) The residues that interact with

Venetoclax, (b) The residues that interact with Phaeophytin-B, (c) The residues that interact with
Timcodar and (d) The residues that interact with CHEMBL3908421 (Control). The structures are
extracted from the final frame of each simulation.
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4 Conclusion

The MDM2 protein is found to be
disrupted by being excessively
upregulating p53 due to infection by the
Epstein-Barr Virus (EBV), which can lead
to Nasopharyngeal cancer — the fifth most
common cancer in Malaysia among males
aged between 25-59. We searched for
potential MDMZ2 inhibitor candidates
through the DrugBank catalogue of existing
compounds, and we performed molecular
docking to identify potential poses with
MDM2. The top three scoring compounds,
Venetoclax, Timcodar and Phaeophytin-B,
were further investigated by conducting
250 ns simulation of molecular dynamics to
assess their binding stability and protein-
ligand interactions. The results of our
investigation led to the stable conformation
of two ligands docked with MDM2:
Venetoclax and Phaeophytin-B.  Our
MM-GBSA calculations of Venetoclax and
Phaeophytin-B showed that the interactions
are favoured through  hydrophobic
interactions. We conclude that Venetoclax
and Phaeophytin-B could be potential
chemical scaffolds for future rational drug
design of MDM2 inhibitors based on their
binding stability with MDM2.
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