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Abstract

Background and purpose: Aberrant signaling by oncogenic RAS proteins occurs in almost all human tumors.
One of the promising strategies to overcome such cancers is the inhibition of KRAS protein, a subtype of RAS
family involved in cell growth, differentiation, and apoptosis, through preventing its effector, SOS1, from
being attached to the protein.

Experimntal approach: Herein, a virtual screening process was performed using pharmacophore search,
molecular docking, and molecular dynamic simulations. A pharmacophore model was created to indicate
essential features for a KRAS inhibitor and used for screening the National Cancer Institution (NCI) database
to retrieve similar compounds to the pharmacophore model with more than 70% similarity. Chosen compounds
were then docked into KRAS and four compounds were selected based on the highest binding scores. Next, a
similarity search was done in the whole PubChem database to increase the number of potential inhibitors. The
filtered compounds were docked again into KRAS and three of them were selected for molecular dynamic
simulation.

Findings / Results: Compounds 1a, 2d, and 3a can inhibit SOS-iIKRASC!?" interaction due to the higher
number of interactions with the protein. Moreover, they achieved the equilibrium faster than the approved
inhibitor.

Conclusion and implications: Auriculasin, a polyphenol flavonoid, can be considered as a potential inhibitor
of SOS1-KRAS interaction. This compound seems to be a stronger anticancer than 9LI, a known inhibitor of
KRAS, due to its better docking scores. Moreover, this compound can be an appropriate candidate to be
formulated as an oral drug.

Keywords: Auriculasin; Docking studies; Flavonoid; KRAS; Molecular dynamic simulations; Virtual
Screening.

INTRODUCTION

Cell genome mutations are believed to be the
main cause of cancer. RAS is a family of genes
(NRAS, HRAS, and KRAS) whose mutations
are frequently involved in human tumors such
as the pancreas (90%), colon (50%), lung
(30%); thyroid (50%), and myeloid leukemia
(30%) (1). These genes encode a group of
GTPases, which involve a wide variety of
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signaling pathways such as cell growth and
differentiation (2).

RAS proteins are seen in two structural
states, active and inactive forms that are GTP-
and GDP-bound, respectively.
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The transformation between these states is
regulated by two groups of molecules including
guanine nucleotide exchange factors (GEFs),
SOS1 and SOS2, which is necessary for the
exchange of GDP to GTP; and GTPase-
activating proteins (GAPs) which increase the
intrinsic RAS GTPase activity and hydrolyze
GTP to GDP (2,3).

Blocking RAS function includes several
methods such as blocking the protein
expression,  post-translational  processing,
membrane anchorage, GTP affinity, effector
interaction, and selective targeting of the cells
with uncontrolled RAS signaling (4-7).

KRAS, a 21 kDa monomeric protein, is a
subtype of RAS family which is believed to
regulate cell growth, differentiation, and
apoptosis through several signaling pathways
including PI3K-PDK1-AKT, RAF-MEK-ERK,
and TIAMI-RACL1 (8,9). Mutation at its codon
12 is one of the most frequent types of KRAS
mutants (10) which disables the protein to
hydrolyse GTP, resulting in a prolonged signal
of cell proliferation (11,12). Pico molar binding
affinity of KRAS for GTP and high
concentration of cellular GTP are the reasons
why designing a competitive inhibitor seems to
be hardly practical (13). Therefore, it seems that
interfering KRAS-SOSL1 interaction might be
an alternative approach to prevent RAS to be
active by SOS1.

Flavonoids are a group of naturally
occurring compounds with several biological
activities including antitumor properties (14).
They have been applied in RAS-targeted cancer
treatment by controlling RAS gene expression
and inhibiting RAS  post-translational
modifications (15,16).

Flavans are a subtype of flavonoids with
common  benzopyran  backbone.  These
compounds are believed to be 93% of the total
daily flavonoid intake in the USA (17). The
beneficial effects of flavans are acknowledged
in the treatment and prevention of cancer
(18,19).

A pharmacophore model is a group of steric
and electronic features, which are essential to
reach the optimal interactions of a ligand
with a protein active site. Today,
pharmacophore screening is a well-known
method that has two major advantages: first, it
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significantly increases the speed of the
compounds filtering process and second, it
allows retrieval of ligands with diverse
structures (20).

The aim of this study is to investigate the
potential anticancer flavonoids especially
flavans that may disrupt KRAS-SOS1
interaction. To do this, the following methods
were used: flavan similarity searches,
pharmacophore filtering, molecular docking
studies, and molecular dynamic (MD)
simulations. Finally, a potential inhibitor was
identified.

MATERIALS AND METHODS

Generation of pharmacophore model and
structure selection

Both active and inactive forms of KRASG12D
are unable to hydrolyze GTP, and a prolonged
cell proliferation signal is observed after
exchanging of GDP to GTP by SOS1 turning
KRAS to its active form. Therefore, to interfere
with KRAS-SOS1 interaction and hence
prevent KRAS to be active by SOS1, inactive
(GDP-bound) form of KRAS®?2P mutant
(iIKRAS®'?P) was used for discovering new
potential inhibitors. Indeed, disturbing SOS1-
iIKRASC?P interaction necessarily depends on
the ligand binding into the vacant SOS1 binding
pocket, the state that is only observed in its
inactive form.

In order to identify key interactions between
the amino acid residues of SOS1 binding
pocket and iIKRASC?D potential
inhibitors, benzimidazole (BZI) and 4,6-
dichloro-2-methyl-3-aminoethyl-indole (9LI),
a pharmacophore model was created by
LigandScout (Ver. 3.1) software (Inte:Ligand
GmbH, Austria). This program allows to
a fully automated pharmacophore generation
from protein-ligand complex, and also
creates the best-matched pharmacophores to
detect the number and type of primary
existing ligand-residue interactions on the
protein active site. These interactions
contain H bond donor and acceptor, positive
and negative ionizable area, hydrophobic areas,
and aromatic ring. Then, prepared
pharmacophoric map used for pharmacophore-
based virtual screening.
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[ NCI database (230.000 compounds) J
Screening based on >70% similarity to flavan structure
[ 120 compounds ]
l Pharmacophore-based screening using 9LI
[ 20 compounds ]
[ Appropriate matching with pharmacophore
[ 9 hits (a-i) J

l Docking simulations

[ 4 compounds (a, b, ¢, d) ]

l PubChem screening with 90% similarity using a-d
[ 93 compounds ]
l Docking simulations
[ 20 compounds ]

l Best Docking scores

[3 compounds (1a, 2d, Sa)]

l MD simulations

[ Auriculsin ]

Fig. 1. Flowchart illustrating the filtering process to
select the final set of three compounds from
approximately 120 hits from the National Cancer
Institution and 93 hits from PubChem databases.

The crystal structure of the KRAS (PDB ID:
4DSU) with 1.7 A resolution with its co-crystal
inhibitor, BZI, was obtained from the Protein
Data Bank (http://www.pdb.org). Although the
available co-crystal ligand is principally
applied for the pharmacophore elucidation, BZI
is probably too small for appropriate
pharmacophore generation. Therefore, the
crystal structure of 4DST with 9LI (DCAI),
another approved iKRAS®*Pinhibitor, was
used to generate an appropriate pharmacophore
(21). The overall process of our procedure is
summarized in Fig. 1.

Docking simulation protocol

The ability of small molecules to interact
with protein plays a major role in the dynamics
of the protein, which may enhance/inhibit its
biological function. The molecular docking
method is used to study the spatial orientation
of a ligand in an active site of the
macromolecule. Besides, it is possible to
calculate the binding affinity of a ligand on a
defined protein active site.

The crystal structure of the KRAS (PDB ID:
4DSU) has been obtained from the RCSB
protein data bank (http://www.pdb.org). The
input files for docking of KRAS®?P and all
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ligands were prepared by Auto Dock Tools
(ADT) package (version 1.5.6, The Scripps
Research Institute, Florida, USA). All Ligands
and water molecules except GDP were removed
from the protein PDB file and GDP was
considered as a part of the receptor. Polar
hydrogens were added and partial atomic
charges computed by the Kollman-united
charges method. The prepared protein structure
was saved in PDBQT format as an input file for
the docking process.

The two-dimensional (2D) structure of the
BZI and DCAI ligands were drawn by
MarvinSketch (Ver. 5.7, ChemAxon) and
minimized by Chem3D Ultra (Ver. 8) and saved
as a PDB format. To prepare the ligand input
files, 3D structures of the ligands whether
obtained from the National Cancer Institution
(NCI) or PubChem databases with SDF format
files were converted to the PDB format by the
OpenBabel software. Non-polar hydrogens of
ligands were merged and the Gasteiger charges
were computed by AutoDock Tools. Finally,
prepared files were saved as a PDBQT format.

In this study, docking simulation by
AutoDock Vina (version 1.1.2, The Scripps
Research Institute, Florida, USA) was used to
calculate the free energies of binding of
inhibitors and to determine the positions of the
ligands on the defined active sites. A grid box
of 25 x 25 x 25 A with a grid point with a
spacing of 0.375 A was created around
the SOS1 binding pocket, in a 100-run job.
The center of the grid box was set to the
co-crystallized  ligand.  Other  docking
parameters were set to the default values.
The best binding mode of each ligand was
selected based on its binding energy with
reasonable spatial orientation inside of the
binding pocket.

Validation

In validation step, the BZI co-crystal ligand
of KRAS is redocked into the protein active
site. The docking simulations are convincing if
root mean square deviation (RMSD) value
between the simulated ligand pose and
experimentally known orientation is lower than
2 A. For this purpose, BZI was docked, RMSD
value calculated, and then superimposed over
the co-crystallized ligand inside the iIKRAS®'?P
binding pocket (Fig. 2A).



Fig. 2. Superimposed perspective of (A) benzimidazole
and (B) 4,6-dichloro-2-methyl-3-aminoethyl-indole
docking poses over the co-crystallized ligand
(benzimidazole) of the crystal structure of the KRAS. As
it can be seen, docking poses of both ligands accurately
mimic the spatial orientation of co-crystallized ligand.

In the same manner, the best docking pose of
OLI was superimposed over co-crystallized
ligand to make validation stronger (Fig. 2B).

Filtering strategy

In the first step, we started with
enhanced NCI database browser 2.2 (https://
cactus.nci.nih.gov/ncidb2.2/) which is an open
compilation of the experimentally approved
anticancer compounds (> 250,000 structures) of
which, the flavan-like structures were retrieved
to minimize the cytotoxicity and adverse effects
of inhibitors. The general structure of flavan
(Fig. 3) was used as a query in NCI database
and a 70% similarity search was chosen. The
result structures were downloaded in a SDF
format. Afterward, pharmacophore filtering
was conducted by LigandScout to find natural
compounds with similar binding features of
DCAI  inhibitor  against  iKRASC!?D,
Compounds retrieved from pharmacophore
filtering were then docked inside the
iIKRASC®?P_-SOS1 binding pocket and the
ligands with the best spatial orientations and
lowest docking energies were chosen, and their
2D structures were then used for > 90%
similarity search by PubChem database to
increase the number of capable anti iIKRASC!2P
compound. The final compounds were further
analyzed regarding Lipenski’s Rule of Five to
determine the structures, whose chemical and
physical properties make them a potential orally
active drug. Finally, the most potent
compounds retrieved from PubChem were
chosen to be considered for MD simulations
after being docked and screened based on the
lowest binding energy and mode of interaction.

229

Natural products inhibit KRAS oncogen

Fig. 3. Chemical structure of flavan as a general structure
has been found in many flavonoids.

Classical molecular dynamic simulations

MD simulations were applied to provide a
better insight into the probable behavior of final
ligands inside the SOS1 binding pocket.
GROMACS package 5.0.1 was used to study
ligands-protein interactions in a dynamic
environment. The best docking posing the final
compounds were chosen and, were then fixed
inside the iKRASC?P-SOS1 binding pocket
and used as the starting point of MD
simulations.

The topology file of iKRAS®¥?P was
generated by PRODRG server
(http://prodrgl.dyndns.org/). The GROMACS
parameters and values were set similar to our
previous study (22). Since it is essential to
define the correct protonation of the amino
acids especially inside the active site for MD
simulations, pKa values of ionizable groups for
iIKRASC®YD  residues were predicted by

PROPKA (http://propka.org/) server using
AMBER force field in pH 7.4.
Afterward, protein complexes  were

separately immersed in a dodecahedron-shaped
box and the minimum distances between the
protein surface and box walls were set to 1 nm.
This box was filled with 6368 water model
molecules through GROMACS’ solvation
method. The total charges of systems were
negative. Therefore, seven Na* atoms were
added to neutralize the complexes. In the next
step, complexes were energy minimized by the
steepest descent algorithm with the tolerance of
1000 kJ/mol/nm. The system went through an
NVT and NPT condition for 20 ps and 2 fs,
respectively. The pressure and temperature
constant at 1 bar and 300 K. Then, two
equilibration states were performed to optimize
the solvent and ions around the protein for a
period of 20 ps. Finally, the MDs were
continued for a period of 100 ns.
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Data analysis and presentation software

The ligand-protein  interactions  were
analyzed and visualized employing
LigandScout and LigPlus softwares. Docking
poses were depicted by PyMol (Schrédinger,
Inc), and visual MD software (VMD;
University of Illinois at Urbana-Champaign,
USA) was used for visualizing MD results.

RESULTS

Pharmacophore map

The validation step showed that 9L1 binds to
iIKRAS®!2P exactly in SOS1-binding pocket as
BZl does but with lower binding energy
(Fig. 4) suggesting its higher potency. Both 9L
and BZI interact with similar amino acid
residues. In addition, Asp54 and Ser39 are
responsible residues for making hydrogen
bonds with BZI and 9L, respectively (Fig. 4A
and B). These residues are located at the outer

side of the binding pocket suggesting that outer
residues have a significant role in ligand
binding, and could be targeted for drug design.

Moreover, the calculated RMSD value was
0.337 A for BZI and co-crystal bound BZI
and this value was 1.85 A’ for aromatic rings of
9LI and BZI. This suggests that docking
simulation was successfully performed the
calculations.

The structure-based pharmacophore model
of the 9LI-IKRASC?P pinding pocket was
generated using LigandScout software. The
pharmacophore map included three hydro-
phobic regions surrounded by Val7, Leu56, and
Thr74; and formed by two chlorine atoms (5.4
A away from each other) and one with a methyl
substituent (with the distances of 5.9 A and 7.6
A from CI atoms) (Fig. 5). This information
provided basic features for designing new
inhibitor which is able to disturb the desired
pocket.

Fig. 4. Molecular basis for the interaction of compounds 9LI and benzimidazole into SOS1-binding pocket of
KRASG12D mutant. (A) The superimposed structure of compounds 9LI and benzimidazole are shown in stick and KRAS
mutant in surface model. (B) Spatial arrangements of the residues involved in binding of compounds 9LI and
benzimidazole with binding pocket. The models were generated using PyMOL (DeLano Scientific, LLC). 9LI, 4,6-

dichloro-2-methyl-3-aminoethyl-indole.
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Fig. 5. The generated pharmacophore model includes three hydrophobic regions which are generated by its two chlorine
atoms and a methyl substituent. (A and B) It is surrounded by Val 7, Leu56, and Thr74. The distance between the three
regions are shown in part C. Yellow spheres indicate the hydrophobic regions.
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Identifying potential inhibitors

The compounds’ library of NCI was
screened based on 70% similarity to the flavan
structure. A total of 120 compounds were
retrieved and screened based on the DCAI-
iIKRASC2P pharmacophore. As a result, twenty
ligands proved to fit with the pharmacophore.

Among them, nine hits (a-i) were chosen
since they had appropriate matchings with the
pharmacophore (Table 1). After docking to the
iIKRAS®2P SOS1-binding pocket, four ligands
a, b, ¢, and d were selected due to their higher
affinities (lower free binding energies) and their
positions in SOS-iIKRAS®™P pinding pocket.
Therefore, compounds a-d proved to have the
best pharmacophores and affinities.

To increase the number of lead compounds,
2D chemical structures of a, b, ¢, and d
compounds were used as queries for similarity
search provided at PubChem compounds
database. Ninety-three compounds with more
than 90% structural similarity to compounds a-
d were identified and docked for further
evaluations. Nineteen compounds with lowest
binding free energies and the best modes of
interactions with the SOS1-iKRAS®'?P binding
pocket are presented in Table 1.

Natural products inhibit KRAS oncogen

Among them, three compounds (1a, 2d, and
3a) were chosen as candidates for further MD
studies based on the following criteria:

(1) A chemically match between the atoms
in the ligands and the receptor. For example, it
is preferred that the ligand’s carbon atoms are
close to the receptor’s hydrophobic atoms, and
nitrogens and oxygens in the ligand are close to
chemically similar atoms in the binding pocket.

(2) Charge complementarity between the
ligands and binding sites of the proteins at
physiological pH. In fact, charge complementary
defines a reasonable orientation of a protonated
ligand docking poses inside of protonated
iIKRASC?P active site in physiological pH. For
example, in physiological pH it is possible that
an OH group turns to O™ and therefore it should
be located near a positive group to have a proper
electrostatic interaction. In docking methods
sometimes, the orientation of a ligand is
improper, and therefore it is essential to visualize
interactions between ligand and receptor.

(3) The estimated binding energy should be
less than or equal to -6 kcal/mol since the
binding energy of 9LI was -5.2 kcal/mol and
more potent inhibitors are considered in this
study.

Table 1. Two dimensional representations of compounds retrieved from the National Cancer Institution database and
further docking simulations. Nine hits with the best matching with KRAS®'?P-9L | pharmacophore. Compounds a, b,
¢, and d were selected due to their higher affinities (lowest free energies of binding).

Compounds PubChem ID Structures Binding energies (kcal/mol)
a 317611 -8.6

b 54683839 -8.6

c 4871 -10.2
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Table 1. (Continued)

Compounds PubChem ID Structures Binding energies (kcal/mol)
d 2298 -8.5
e 54677440 6.4
f 1205 -6.7
g 247673 -7.9
h 3213 -8.2
Cl
i 54683835 HO -55

Interactions of la, 2d, and 3a compounds
with iIKRASC®¥P protein are shown in Figs. 6
and 7. Besides, the calculated free energies of
binding and modes of their interactions are
listed in Tables 2 and 3. It can be observed that
compounds la, 2d, and 3a have better free
binding energies in comparison with 9LI (-9.5,
-9, and -9.8 Kcal/mol for la, 2d, and 3a,
respectively; and -5.2 for 9LI). This issue
suggests that these compounds may interfere
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SOS1 and iKRASC?P interaction with higher
potencies than 9LI. As seen in Fig. 7C and E,
Met67 and Asp54 can establish a hydrogen
bond with the OH substituents of la and 3a,
respectively, while no hydrogen bond is seen in
2d-iKRAS®P (Fig. 7D).

Compound 1a is located into a hydrophobic
cage surrounded by Val7, Lys5, Leu56, Tyr71,
Asp54, Ser39, Thr74, Leu6, Ala66, and GIn70;
and the hydroxyl groups belong to one of the



phenols made a hydrogen bond with Met67.
The benzyl ring of compound 2d was located
between Val7, Leu6, Leu56, and Asp54, and its
methyl group made hydrophobic interaction
with Glu37 and Met67 (Fig. 7D). All residues
involving in 3a-protein interactions formed
hydrophobic interactions except that Asp54
made a hydrogen bond with 3a’s hydroxyl
group of prenyl substituent (Fig. 7C).

Lipenski’s Rule of Five

Table 4 shows the physicochemical features
of compounds 1a, 2d, and 3a, all of which have
the potential to be used as oral drugs based on
Lipinski’s criterion.

Natural products inhibit KRAS oncogen

Molecular dynamic studies

To provide a closer view of compounds
stability inside of KRAS active pocket,
MD  simulations were performed for
compounds 1a, 2d, and 3a as well as 9L.i for a
period of 100 ns (Fig. 8). The RMSD plot of Ca.
of the ligands shows that all compounds
reached an equilibrium and made stable
complexes with the protein during the span of
100 ns. However, comparing RMSD graphs of
9LI with 1a, 2d, and 3a suggests that 9L I needs
a longer time to form a stable complex
with KRAS (about 25 ns) while others achieved
the equilibrium in a shorter period after
start point.

Fig. 6. Molecular basis for the interaction of compounds 1a, 2d, and 3a into SOS1-binding pocket of iKRAS®P_ (A)
The superimposed structure of compounds 1a, 2d, and 3a are shown in stick and iKRAS in surface model. (B) Spatial
arrangements of the residues involved in binding of compounds 1a, 2d, and 3a with binding pocket. The models were

generated using PyMOL (DeLano Scientific, LLC).

KRAS

Fig. 7. Tow and 3 dimensional descriptions of compounds (A) 9LI, (B) benzimidazole, (C) 1a,

o
o Sy

KRAS

(D) 2d, and (E) 3a

(auriculasin) binding modes. 9LI and benzimidazole are depicted in magenta and salmon sticks while cyan, deep blue and

yellow sticks imply compounds 1a, 2d, and 3a.
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Table 2. Two dimensional representations of 20 compounds retrieved from PubChem database and following

docking simulations. Among them, 1a, 2d, and 3a were chosen for further evaluations.

Compounds PubChem IDs Structures Binding energies
la 362562 -9.5
1b 1680 -8.1
1c 3322970 74
1d 454890 -8.8
le 500224 -7.8
1f 390101 -7.8
2a 5357627 -8.3
7 ~
2b 375234 -9.3
() O/\/\O O
2c 228560 -8.3
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Table 2. (Continued)

Compounds PubChem IDs Structures Binding energies

2d 5381483 -9

2e 5382848 -10
2f 54676828 -1.5
29 54678441 -1.5
3a 5358846 -9.8
3b 403815 -8.8
3c 403814 -9.3
4a 18834 -7.3
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Table 2. (Continued)

Compounds PubChem IDs Structures Binding energies

4b 135457174
4c 312768 -1.2
4d 5298 -8

RMSD (nm)

0 20 40 60 80 100

Time (ns)

Fig. 8. RMSD plot of KRAS®'?P in complex with a, 1a (black), 2d (red), 3a (auriculasin, green), and 9LI (blue).
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Table 3. Binding energy values and residues of interaction for compounds 1a, 2d, and 3a in comparison with
previously examined compounds (9L I and benzimidazole).

Binding energies

Compounds Chemical structures Residues involved in interaction
(kcal/mol)
cl H
oLl / 59 Lys5, Val7, Ser39, Argd1, Asp54,
' Leu56, Tyr71, Gly75
Cl
NH,
. Lys5, Leu6, Val7, Ser39, Asp54,
Benzimidazole > Leus6, Tyr71, Thr74
Val7, Lys5, Leu56, Tyr71, Asp54,
la -9.5 Ser39, Thr74, Leu6, Ala66, GIn70,
Met67
2d -9 Val7, Lys5, Leu56, Tyr71, Asp54,
Thr74, Leu6, GIn70, Met67, Glu37
Lys5, Leu56, Tyr71, Asp54, Ser39,
3a (Auriculasin) -9.8 Thr74, Leu6, Ala66, GIn70, Met67,

Glu37, lleu55

9L, 4,6-dichloro-2-methyl-3-aminoethyl-indole.

Table 4. Physicochemical features of compounds 1a, 2d and 3a based on Lipenski’s Rule of Five.

Compounds ?I/IDZI)ECUIM weight No. Hbond donor glc%egt%?'nd LogP Molecular refractivity

Lipenski’s rule <500 <5 <10 <5 40-130

la 346 0 4 0.94 81

2d 282 1 4 2.34 70.43

3a 420 3 6 3.6 111.79
DISCUSSION cellular GTP are the reasons why designing a

This study focuses on finding the potential
inhibitors of iIKRAS®!?P a subtype of RAS
GTPase proteins, whose mutations have been
previously demonstrated in several types of
cancers (1). KRAS serves as an important
modulator of cell growth signaling pathway (2).
Therefore, its inhibition may be an appropriate
target for the treatment of KRAS dependent-
tumors. However, the picomolar affinity of
GTP to KRAS and micromolar concentration of
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competitive inhibitor seems to be hardly
practical (13). Therefore, this study has been
planned in order to assess the interfere SOS1
interaction, the enzyme which catalyzes the
exchange of GDP to GTP allowing KRAS to be
active which further sends the cell growth
signal to downstream proteins (2).

We focused on the mutation on G12 residue
(KRAS®?P) which suppresses GAP-induced
GTP hydrolysis (23) and makes the protein
constitutively inactive form. The persistence of
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active GTP-bound leads to the constant
activation of its downstream pathways and
hence, abnormal cell growth happens.
Moreover, iKRAS®?P was preferred for
discovering new potential inhibitors since this
form is unable to hydrolyze GTP and hence
returning to its inactive form.

Flavonoids are appropriate candidates to
find potential lead compounds for iKRAS®?P
inhibition since they have been demonstrated to
inhibit the activity of enzymes involving in
cancer, RAS gene expression, and RAS post-
translational ~ modification  (15,16,24,25).
Herein, the in silico results indicated that
several flavonoids are capable of iKRAS®?P
inhibition as their binding modes and
pharmacophoric features are coincident with
the KRAS®'?P-9LI complex (Table 1). This
could be another promising mechanism for their
anticancer  properties, however, further
evaluations are required.

Based on molecular docking and MD results,
compounds 1a, 2d, and 3a might be potential
candidates to interfere with iKRAS®1?P-S0S1
interaction. The lower binding energy of the
protein in complex with 1a, 2d, and 3a suggests
that these compounds are hypothetically more
potent than 9LI against iKRAS®'?P (Table 3).
Forming more interaction with the binding
pocket may be an explanation for their higher
affinity to iIKRASC?P (Table 3 and Fig. 7).

Furthermore, compound 3a seems more
promising than la and 2d due to its lower
binding energy (Tables 2 and 3). However, a
comparison of MD results for 1a, 2d, and 3a
showed that these compounds inhibit KRAS in
a similar manner according to the time they
need to achieve the equilibrium (Fig. 8).

Compound 3a, known as auriculasin, has
been associated with anticancer effects in
humans and mice. This feature is partly
attributed to its ortho-located dihydroxyphenyl
(catechol) group and its prenyl side chain
(26,27). Since it has been demonstrated that
auriculasin has the potential to inhibit other
types of hydrolases such as phosphodiesterase
enzyme (28), it is plausible to suggest that
compound 3a may exert its impact by acting as
a direct inhibitor of KRAS during its activation
by SOS, another mechanism for its anticancer
activity.
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Other inhibitors aiming to disturb KRAS-
SOS1 interaction have been identified (29).
However, their emphasis was put on SOS1
protein rather than KRAS itself. For instance,
Hiling et al. found an inhibitor by a series of
biophysical  techniques.  However, the
mechanism by which their inhibitor prevents
KRAS-SOS1 complex was different, so that it
bound to SOS1 protein not KRAS, another
mechanism with the same final result (30).
Moreover, a peptide mimicking the a-helix of
SOS1 was synthesized by Patgiti et al. which
was able to attach KRAS and inhibit its activity
(31). After testing more than 160,000
molecules, Burns et al. found small molecules
whose anti- KRAS inhibition was due to their
attachment to SOS1 binding domain (32).

Finding new compounds with the capability
of interfering with protein-protein interactions
iIs complicated since a large surface is needed
for effector recognition and contact. Therefore,
a bulky compound is needed to overlap with all
parts of the interfacial surface area, and this
doesn’t match with drug-likeness properties
(33). However, auriculasin has a low molecular
weight (420.406 g/mol) and therefore, it is
appropriate for being considered as a drug.

Although values obtained by docking
analysis should be considered as a theoretical
approximation, this information could be useful
to explore possible mechanisms by which these
natural-derived ligands behave as anticancer
compounds, in particular, if they directly bind
proteins such as RAS. In addition, the proposed
compounds could be considered as potential
leading compounds to design new and safe
drugs for the treatment of cancers related to
KRASG?D,

CONCLUSION

Although three final compounds (1a, 2d, and
3a) had similar RMSD plots, which implies
their  similar  behaviors reaching the
equilibrium, docking simulations suggested
that auriculasin (3a) formed the most
favorable complex with the protein due to its
lowest binding energy compared with 1a and
2d. Moreover, this compound can be an
appropriate candidate to be formulated as an
oral drug.
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