Proceedings of the Indian National Science Academy (2023) 89:957-966
https://doi.org/10.1007/543538-023-00210-9

RESEARCH PAPER

Virtual screening of flavonoids from Blighia sapida against ERK5

involved in breast cancer

Damilola S. Bodun'® - Damilola A. Omoboyowa'® - Joshua F. Adedara? - Ezekiel A. Olugbogi’ -
Favour O. Oluwamoroti? - Nkechi H. Atasie? - Isaac O. Oluwafemi*

Received: 31 January 2023 / Accepted: 5 September 2023 / Published online: 2 October 2023

© Indian National Science Academy 2023

Abstract

Breast cancer is a major public health concern worldwide, with a need for effective treatments that have minimal side effects.
Flavonoids have been shown to have potential as anticancer agents. In this study, the inhibitory effect of flavonoids from
Blighia sapida on the breast cancer target, Extracellular signal-regulated kinase 5 (ERKS) was evaluated. A pharmacophore
hypothesis was developed based on the interactions between the target protein and its co-crystallized ligand and then applied
to the screening of flavonoids present in B. sapida. The top-ranked flavonoids were identified using molecular docking, MMG-
BSA, and pharmacokinetics modeling, and their inhibitory activity was determined using density functional theory (DFT)
and their pIC50 values. The results showed that Quercetin, Kaempferol, and (+4)-Catechin had higher docking scores and
obeyed the Lipinski rule of five, indicating their potential as lead molecules for ERKS inhibition in breast cancer therapy. The
study highlights the potential of flavonoids from B. sapida as promising inhibitors of ERKS for breast cancer management.
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Abbreviations

ERKS Extracellular signal-regulated kinase 5

ADMET Absorption, Distribution, Metabolism, Excre-
tion, and Toxicity.

QSAR Quantitative Structural Activity Relationship

Introduction

Cancer is a condition in which some cells in the body grow
out of control and spread to other parts of the body (NCI
2007). Breast cancer is the most prevalent cancer diagnosed
in women in the United States, and it is the second largest
cause of death in women, following lung cancer (American
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Cancer Society). This disease is most common in women
and has a greater rate in women in industrialized countries,
although it can also affect men (Mustafa et al. 2016). Extra-
cellular signal-regulated kinase 5 (ERKY) is a member of
the mitogen-activated protein kinase (MAPK) family, which
includes highly conserved enzymes found in all eukaryotic
cells and is involved in a variety of biological responses such
as cell survival, proliferation, migration, and differentiation
(Stecca and Rovida 2019). As ERKS is more abundantly
expressed in breast cancer cells and tumor tissue compared
to normal breast cells and tissue, accumulating lines of evi-
dence suggest a critical involvement of ERKS in the initia-
tion and advancement of different types of cancer in recent
years (Hoang, et al. 2020).

ERKS has a substantially bigger C-terminus than other
MAP kinases, and it comprises both auto-inhibitory and
nuclear shuttling activities (Drew et al. 2012). This structure
lends itself to the development of specific therapeutic targets
that are unlikely to interact with the functioning of other
MAP kinases. Because of this specificity, tailored therapies
may be able to block this pathway while reducing the inhi-
bition of other MAP kinases that are important for healthy
cell survival (Drew et al. 2012). Signaling substances such
as growth factors, cytokines, neurotransmitters, hormones,
or various cell stressors activate MAPKs by sending signals
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through tyrosine kinase, G-coupled proteins, or hormone
receptors (Flaherty et al. 2010).

Flavonoids have been demonstrated to have a wide range
of anticancer properties, including modulating reactive oxy-
gen species (ROS)-scavenging enzyme activities, participat-
ing in cell cycle arrest, inducing apoptosis and autophagy,
and suppressing cancer cell proliferation and invasiveness.
Flavonoids have a dual role in ROS homeostasis: they oper-
ate as antioxidants in healthy cells and are powerful pro-
oxidants in cancer cells, inducing apoptosis and down-regu-
lating pro-inflammatory signaling pathways (Kopustinskiene
et al. 2020).

Blighia sapida is a member of the Sapindaceae family and
Sapindales order, commonly known as ackee or breadfruit
(Olayinka et al. 2021). It is distributed across nations around
the world, including Spain, Guatemala, Panama, Mexico,
Venezuela, Colombia, Costa Rica, Portugal, France and
Surinam (Olayinka et al. 2021; Sinmisola et al. 2019). Tra-
ditional medicine claims that the ackee fruit has medicinal
characteristics that can be used to treat or relieve symptoms
such as fever, constipation, skin infections, and diarrhea. It
is also said to contain phytochemicals with anti-cancer and
anti-diabetic properties (Xiao et al. 2016; Omoboyowa et al.
2021). In this study, the ligand-docking technique, pharma-
cophore hypothesis screening, and quantum calculations
were used to predict ERKS inhibitors from B. sapida flavo-
noids for breast cancer management.

Methods

All computational experiments, such as E-pharmacophore
hypothesis generation, virtual screening of the ligands with
the hypothesis, molecular docking, MMGBSA, AutoQsar,
and visualization, were done with Schrodinger Inc.'s Maes-
tro version 11.1 software. Supplementary Fig. 1 illustrates
the entire process workflow.

Protein preparation

The protein (PDB ID: 5O7I) was used as the 3-dimensional
crystal structure of ERKS. Bond orders were assigned to
the target protein (ERKS5) and hydrogen atoms were added.
Water molecules within 5 A distance of the ligand were
eliminated from the structure of the protein—ligand complex
using Protein Preparation Wizard The prime tool was also
used to patch up missing loops and side chains (Jacobson
et al., 2004). ERKS was further improved by creating tau-
tomeric states at a neutral pH and using the OPLS3 force
field to constrain minimization. For molecular docking, the
minimized ERKS5 was chosen.
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Receptor grid generation

For protein-ligand docking, receptor grid generation deter-
mines the binding orientation and size of the active site.
Using the receptor grid generation module of Schrodinger
Maestro 11.1 (Omoboyowa et al., 2020), the scoring coordi-
nates of the ERKS binding pocket were computed based on
the co-crystallized ligand. The coordinates for the x, y, and
z grids are 43.47, — 1.06, and 11.01, respectively.

Ligand preparation

The 2D structures of the fifty-five (55) flavonoids from
Blighia sapida and the reference compound were down-
loaded from the PubChem database after gathering from
published literature (Sinmisola et al. 2019; Hamzah et al.
2013). The LigPrep module was utilized to prepare the
ligands. Additionally, the ERKS Co-ligand (4-(2-bromanyl-
6-fluoranyl-phenyl)carbonyl-N-pyridin-3-yl-1H-pyrrole-
2-carboxamide) was identified and retrieved from PubChem,
after which it was prepared similarly to the other ligands and
afterward utilized as a reference drug.

Generation of e-pharmacophore model

For virtual screening, a pharmacophore hypothesis based on
the interactions of the co-crystallized ligand with the target
protein was generated. The hypothesis was created using
the Phase module. For the hypothesis generation settings,
features that made interactions with the protein were chosen,
and then a receptor-based excluded volume shell was cre-
ated to mimic the receptor binding site, ignoring receptor
atoms whose surfaces are within 2.00 A of the ligand sur-
face and limiting excluded volume shell thickness to 5.00 A
(SchrodingerTV 2016).

Virtual screening via pharmacophore hypothesis

Virtual screening was performed with the already prepared
ligands via the Phase module (Dixon et al. 2006; Schrodinger
and Phase 2020) to select a subset of ligands with the requi-
site characteristics for optimal binding to ERKS, as mapped
by the hypothesis. The best hits were chosen based on fitness
scores (> 1.0).

Virtual screening by Lipinski’s rule and molecular
docking

Forty-one (41) hits including the control ligand were screened
through HTVS docking precision. The virtual screening by
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Lipinski’s rule of five to keep only oral bioavailable com-
pounds was done via the QikProp module (Schrodinger 2020;
Omoboyowa et al. 2022).

Extra precision (XP) docking was utilized to further screen
the top five (5) lead ligands (Friesner et al. 2004).

Estimation of binding free energy

The MM-GBSA technique for calculating binding energy
uses the energy characteristics of the free ligand, free recep-
tor, and receptor-ligand complex to compute binding affinity
(Omoboyowa 2022; Schrodinger 2018; Genheden and Ryde
2015). The MM-GBSA estimation was performed on the
docked complexes using the formula:

AGbind — GcomplexX _ (Gprotein + GLigand) (1)

where AG™ is the Protein—Ligand complex’s binding free
energy. GPI°* is the free energy of the complex, G is
the free energy of the protein in the absence of the ligand,
and G'# is the free energy of the ligand in the absence of

the protein.
Density functional theory analysis

The physicochemical features of the top five (5) hit flavonoids
from Blighia sapida were investigated using quantum chemical
calculations using density functional theory (DFT) to antici-
pate molecules with noteworthy biological activity. To begin
with, each bioactive molecule was subjected to a conformer
distribution search, with the most stable conformer being
chosen for comprehensive analysis. Many parameters can be
produced as a result of the calculations conducted using this
method. Highest occupied molecular orbital energy (Eyonmo)s
lowest unoccupied molecular orbital energy (E; y0), energy
band gaps (E,), ionization energy (I), electron affinity (A),
chemical hardness, chemical softness, chemical potential, elec-
tronegativity, electronic energy, enthalpy, Gibb's free energy,
and dipole moment are some of the parameters obtained from
the calculations.

The difference between E; 1o and Eyono Was used to
compute the energy bandgap (E,)

Eg = ELUMO — EHOMO )

Koopman's theorem (Koopmans, 1933) is used to connect
electron affinity (A) and ionization potential (I) to E; ;o and
Enomo- as indicated in Eqgs. (3) and (4), respectively.

I = —.EHOMO 3)

A = —ELUMO “4)

Electronegativity () and chemical hardness (n) Values
of the compounds were calculated using equations derived
by Parr and Pearson (Parr & Pearson, 1983).

_I+A
I-A
= ©)

Chemical softness (8) is the reciprocal of chemical
hardness.

1
o= —
- (N

Development of auto-QSAR model

The experimental data with pIC50 values of antagonists of
ERKS were retrieved from the CHEMBL website (https://
www.ebi.ac.uk/chembl/) by blasting the FASTA sequence
of the protein gotten from PDB. The list of antagonists was
converted into.sdf format via the Datawarrior software after
data cleaning using Microsoft Excel. The ligands were pre-
pared and then used to create a QSAR model via the Auto-
Qsar module. The best model, kpls_linear_14 was selected
based on the ranking.

Evaluation of pharmacokinetics properties

Absorption. distribution, metabolism, and excretion
(ADME) properties of the top five selected compounds
were analyzed. The processes such as absorption, distribu-
tion, metabolism, and excretion are important ones in the
development of drugs. These properties were predicted using
the QikProp module.

Results and discussion
Virtual screening via pharmacophore model

In the study of how a compound interacts with the enzyme
ERKS, we employed an E-pharmacophore model to iden-
tify the specific chemical groups or substructures of the co-
crystallized ligand that were critical for optimal interaction
with the enzyme (Omoboyowa, 2022). The model was then
applied to screen the prepared phytochemicals, allowing
us to filter the compounds down to a smaller set of 41. By
comparing the features of these compounds to those of the
co-crystallized ligand and evaluating their similarity, we
were able to determine their fitness scores, which helped
to further narrow down the selection (Fig. 1). Our analysis
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Fig.1 The pharmacophore hypothesis generated in complex with the
reference ligand

Fig.2 The hydrogen bond acceptor (A3: red), hydrogen bond donor
(D4: blue), and aromatic ring (R9: orange) of the pharmacophore
hypothesis

revealed that the best hypothesis model for the optimal inter-
action with ERKS consisted of one hydrogen bond acceptor,
one hydrogen bond donor, and one aromatic ring. This find-
ing is depicted in Fig. 2.

Molecular Docking and MM-GBSA calculation

Molecular docking is a structure-based drug design method
that simulates the molecular interactions and binding mode

of target proteins and ligands (Fan et al., 2019). From
Quercetin to Alloathyriol, Flavonoids from Blighia sapida
demonstrated a favorable binding affinity in the active site
of ERKS, with binding energies of — 9.257 kcal/mol to
— 7.847 kcal/mol, respectively. A stronger binding is asso-
ciated with lower binding energy. The molecular docking
methodology explores the behavior of small molecules in
the binding site of a target protein (Pagadala et al., 2017).
The lead compounds listed in Table 1 bind inside the active
region of ERKS while creating interactions with the hydro-
phobic amino acid residues MET 140, LEU 189, LEU
139, TYR 66, LEU 137, ALA 82, ILE 115, and VAL 69
(Table 1; Fig. 3). These amino acid residues are critical for
anticipating the ERKS binding site and catalytic mechanism.
Through H-bond formation with the hydroxyl group, the
docked molecules interact with MET 140, ASP 138, GLU
102, ASN 187, and LYS 84 in the ERKS binding pocket.
Inter and intra-molecular interactions such as hydro-
gen bonding, pi-pi stacking, pi-cation, and salt bridges
occurred as a result of the binding between the flavo-
noids and the target protein. The best bioactive molecule
of B. sapida was Quercetin, which had maximum binding
energy of — 9.257 kcal/mol. Hydrogen bonds are formed
between it and the hydrophobic and negatively charged
amino acids MET 140 and ASP 138. With binding energy
of — 8.788 kcal/mol, kaempferol is thought to interact
mostly with negative-charged, positive-charged, and polar
amino acids: LYS 84, ASN 187, and ASP 138. (+)-Cat-
echin is found to completely occupy the ERKS binding site
with a binding energy of — 8.384 kcal/mol while interact-
ing with negative, positive, and polar amino acids: LYS
84, ASP 138, and ASN 187 via hydrogen bonds. Actaea-
lactone and Alloathyriol had binding energies of — 7.974
and — 7.847 kcal/mol, respectively. The top four bioactive
flavonoids of B. sapida have higher binding energy than
the pyrrole inhibitor (4-(2-bromanyl-6-fluoranyl-phenyl)

Table 1 Fitness Score and Interacting amino acids of lead flavonoids from Blighia sapida and control ligand

Compound name PubChem ID Fitness score H-bond residues

Interacting active site hydrophobic amino acids

Quercetin 5,280,343 1.865 MET 140, ASP 138
Kaempferol 5,280,863 1.498
(+)-catechin 9064 1.705
Actaealactone 11,537,736  1.809
Co-crystallized ligand 118,959,080 2.428 MET 140, ASP 138.

OTHER INTERAC-

TIONS:

LEU 106, PHE 201, LEU 189, ILE 115, LEU 137, LEU
139, MET 140, ILE 61, ALA 82, TYR 66, VAL 69

LYS 84, ASN 187, ASP 138 TYR 66, VAL 69, ALA 82, ILE 115, LEU 137, LEU 139,

MET 140, LEU 189

LYS 84, ASP 138, ASN 187 TYR 66, LEU 189, ILE 115, LEU 137, LEU 139, MET 140,

ALA 82, VAL 69

MET 140, ASP 143, LYS 84 TYR 66, VAL 69, ALA 82, LEU 137, LEU 139, MET 140,

LEU 189

VAL 69, TYR 66, ALA 82, MET 140, LEU 139, LEU 137,
ILE 115, LEU 189, ILE 61

TYR 66(PI-PI STACKING)

Alloathyriol 44,575,387 1.52 MET 140

TYR 66, VAL 69, ILE 61, LEU 106, PHE 201, ILE 115,
LEU 137, LEU 139, MET 140, ILE 61, ALA 82, ILE 189
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Fig.3 Graphical representa-
tion of the docking score and
MM-GBSA binding energy
(AGbind) of Blighia sapida
lead flavonoids and the control —
ligand. The left frame (blue) ’—g 0= =0 T
signifies the docking score, £ =
while the right frame (red) = -2= 8
shows the MM-GBSA binding 8 4
energy < 4= = -20 —
@ ~21.60 <
5 -24.87 n
O -6 - m
8 40 g
-
o -8+ --40.09 =
o] 53577 -7.87 -7.85 =
'(—; 878 --48.70-48.15
-10= 926 -53.62
= -60
B Quercetin
mm Kaempferol
Em (+)-Catechin
Bl Actaealactone
Hm Co-crystallized
Bl Alloathyriol

carbonyl-N-pyridin-3-yl-1H-pyrrole-2-carboxamide) that
was utilized as a positive control for the ligands. The bind-
ing energy of the pyrrole inhibitor was — 7.864 kcal/mol,
indicating that B. sapida bioactive flavonoids have a strong
potential to bind ERKS for the treatment of various cancers,
particularly breast cancer.

The MM-GBSA module, which is integrated with the
Schrodinger suite's prime program, was used to compute
the binding free energy (AG®™) of the flavonoids binding to
ERKS. Following the docking analysis, the module was used
to calculate the binding free energy for the screened com-
pounds. The MM-GBSA technique is a reliable post-dock-
ing method for estimating the binding position of docked
complexes (Sgobba et al. 2012). Quercetin, Kaempferol,
(+)-Catechin, Actaealactone, and Alloathyriol had bind-
ing energies of — 36.10, — 53.04, — 44.67, — 29.59, and
— 24.16 kcal/mol, respectively, according to the MM-GBSA
output (Fig. 3). The control ligand (— 53.62 kcal/mol) had
the best MM-GBSA value (Fig. 4).

Pharmacokinetics and drug-likeness screening

To aid drug discovery, accurate data on the pharmacoki-
netic features of the molecule must be obtained as soon as
possible, as this ultimately adds to the compound's success
or failure (Ranjith and Ravikumar, 2019). Medication simi-
larity evaluates the likelihood of a chemical becoming an
oral drug with high bioavailability. Because the flavonoids
were virtually screened for violations of the Lipinski Rule

of Five, none of the top-ranked flavonoids broke this princi-
ple, implying that these molecules are medication prospects
(Table 2).

It is important to know the pharmacokinetics of phyto-
chemicals before their development into new pharmaceutical
drugs. Using the QikProp module of Schrodinger, pharma-
cokinetic properties of the lead compounds were predicted
using binding to human serum albumin (QPlog*"™?), Madin-
Darby canine kidney cell permeability (QPPMPCX), blood/
brain partition coefficient (QPlog®®), IC50 value for the
blockage of HERG K + channels (QPlog"ER%), and Caco-2
cell permeability (QPPC%°). All of the lead compounds
fell into the range of values for QPlog®"SA, therefore they
should all be able to bind to human serum albumin. All of
the lead compounds except Kaempferol have been predicted
to have good values for QPlog"ERCG. Again, all of the lead
compounds fell within the range of expected values for the
brain/blood partition coefficient (Table 3). The results also
showed that only Quercetin and Actaealactone have poor
Caco-2 cell permeability.

Density functional theory analysis

DFT is a quantum-based computation that is used to predict
the electronic structure and characteristics of prospective
medicinal compounds (Burke and Wagner 2013). It is a
tool that is utilized in tandem with all other drug discovery
technologies.
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Fig.4 2D molecular contacts profiling of hit compounds with amino acid residues at the active site of ERKS5: a Quercetin b kaempferol, ¢ (+) —

Catechin d Actaelactone e Co-crystallized Ligand and f Alloathyriol

Table 2 Drug Likeness

. Entry name mol MW  Hbond Hbond  ALogP  Polar surface area  Rule of five

properties of.lead compounds acceptors  donors

and control ligand
Quercetin 302.24 7 5 2.531 131.36 0
Kaempferol 286.24 6 4 27984  111.13 0
(+)-Catechin 290.272 6 5 1.9202  110.38 0
Actaealactone 358.304 7 4 0.9343 147.35 0
Co-crystallized Ligand ~ 388.195 4 1 2.7951 71.95 0
Alloathyriol 274.229 5 2 1.7616 ~ 102.96 0

Thermochemical analysis

Thermodynamic characteristics are important factors in
determining the spontaneity and chemical stability of a
chemical reaction. Gibbs free energy is a thermodynamic
parameter used to characterize the interaction between
ligands and receptors (Chaudhary et al. 2022). It shows the
likelihood of biomolecular processes taking place. A posi-
tive free energy value suggests that binding will not occur
until additional external energy is added, whereas a negative
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free energy value indicates that binding will occur sponta-
neously. The degree of the negative free energy determines
the extent of the ligand's interaction with the receptor.
Enthalpy is also a measure of a thermodynamic system's
total energy. When the ligand attaches to the receptor, the
binding enthalpy indicates the energy change in the system.
The computed Gibb's free energy for the investigated com-
pounds is shown in Supplementary Table 2. Because all of
the molecules have negative free energy, they can attach to
the target receptor without requiring any external energy.
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Table 3 Pharmacokinetics Model Quercetin Kaempferol (+)-Catechin Actaealactone Alloathyriol
profile of lead compounds of
Blighia sapida QPlogHERG —4.3875 —5.054 —4.897 —4.223 —4.476
QPPCaco 19.934 54.93 49.958 10.054 218.753
QPlogBB —2.305 - 1.824 -1.95 —2.673 - 1.186
QPPMDCK 7.185 21.49 19.395 3.429 95.701
QPlogKhsa - 0.354 —-0.201 - 0427 - 0.597 —-0.257
% Oral Absorption 52.196 64.083 59.884 42.501 76.2

QPlogKhsa: Binding to human serum albumin (— 1.5 to+1.5)

QPlogHERG: IC50 value for blockage of HERG K + channels (below —5)
QPPMDCK: Apparent Madin-Darby canine kidney cell permeability innm/sec
QPlogBB: Brain/blood partition coefficient (— 3.0 to 1.2)

QPPCaco: Apparent Caco-2 cell permeability in nm/sec (<25 poor, > 500 great)

The top hit chemical, Quercetin, as well as Acetalactone,
had the highest free energy (— 1103.987 and — 1295.839
Hartree, respectively), implying that Acetalactone will
interact more than the other compounds investigated. The
dipole moment reveals the polarity of a compound as well
as the distribution of electrons inside it (Fleming 1982). It
improves the receptor protein's binding affinity, nonbonded
interactions, and hydrogen bond formation. Acetalactone
(7.00 debye) also has the largest dipole moment, as demon-
strated in Supplementary Table 2.

Frontier molecular orbital (FMOs)

The most important orbitals in the molecule are the FMOs,
HOMGOs, and LUMOs. They are important in optical, elec-
tric, and UV—Vis spectral chemistry, as well as quantum
chemistry. The FMOs describe how a molecule interacts
with other molecules and provide information on electron
transport in a molecule, as well as a molecule's chemical
reactivity and stability (Sengupta et al. 2021). The HOMO
energy defines the molecule's propensity to donate elec-
trons; greater Eyqyo values imply a stronger inclination for
the molecule to donate electrons. The E; ;o determines
a molecule's ability to receive an electron; a lower E; ;10
number improves the likelihood of taking electrons. There-
fore, higher values of Eyqy\o and lower values of E; (10

are responsible for the low stability and high reactivity of
a molecule. The Eygyo values for the compounds tested
rise in order as shown in Table 4: Quercetin > Kaemp-
ferol > (+)—Catechin > Alloathyriol > Acetalactone. The
greatest value of Eyjqy0 1s found in quercetin (— 5.48 eV),
indicating that it has a higher tendency to donate an elec-
tron to the target receptor than other substances. In addi-
tion, the calculated E; y;\;o values are provided in Table 4,
Quercetin has the lowest E; yyo value, indicating that
it has a lower ability to receive electrons than the other
compounds investigated. Furthermore, as shown in Sup-
plementary Table 1, both the Eygy0 and E; o are com-
pletely dispersed across the molecule structure, imply-
ing considerable HOMO-LUMO overlapping, resulting
in robust charge transfer behavior. The band gap energy
between the Eygyo and E; yuo 18 crucial for forecasting
a molecule's chemical reactivity. The chemical reactivity
and stability of a molecule are reflected in the band gap
energy levels. The molecule becomes tougher, more stable,
and less reactive as the band gap energy increases. High
reactivity and low stability are associated with a narrowing
of the energy band gap. The energy band gap values are as
follows: Quercetin < Kaempferol < Alloathyriol < Aceta-
lactone < (+)—Catechin. Among the isolated chemicals,
Quercetin has the smallest band gap, indicating that it is
more reactive toward the target receptor than the others.

Table 4 Global reactivity

Eyomo (€V) Epymo (€V) Eg(eV) I((eV) A(eV) n(eV) 6 (eV-1)

X (V) u(eV-1

. S . Compounds
descriptors of Blighia sapida
lead compounds obtained via Quercetin — 548
DET Kaempferol —-5.53
(+) —Catechin —5.63
Acetalactone  — 6.02
Alloathyriol ~ —5.74

- 1.84
-1.81
—0.08
- 1.78
- 1.55

3.64 548 1.84 1.82  0.549451 3.66 —3.66
3.72 553  1.81 1.86  0.537634 3.67 -3.67
5.71 563 —0.08 2.855 0.350263 2.775 —2.775
4.24 6.02 1.78 212 0471698 3.9 -39
4.19 574 155 2095 0477327 3.645 —3.645

Eg energy band gaps, Ey 0 highest occupied molecular orbital energy, E; ;o lowest unoccupied molec-
ular orbital energy, / ionization energy, 6 chemical softness, A electron affinity, # chemical hardness, y
chemical potential, y electronegativity
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Global reactivity descriptors

To gain a thorough understanding of the chemical stability and
reactivity of bioactive chemicals toward the target receptor,
global reactivity descriptors (GRD) were developed. Ioniza-
tion energy, electron affinity, chemical hardness, chemical soft-
ness, chemical potential, and electronegativity are the GRDs
that are calculated. The ionization energy (I) of a molecule
describes its chemical reactivity and stability. It's the amount
of energy it takes to remove an electron from a molecule. High
ionization energy suggests chemical inertness and stability,
whereas low ionization energy indicates high reactivity and
chemical inertness (Chakraborty et al., 2020). The ioniza-
tion energy of quercetin (5.48 eV) is the lowest, making it the
most reactive chemical toward the target receptor, ERKS. The
energy released when an electron is added to a neutral mol-
ecule is known as electron affinity (A). A molecule with a high
electron affinity is more likely than one with a low electron
affinity to receive electrons easily (Geerlings and Proft 2002).
The most reactive chemicals include kaempferol and quercetin,
which have the highest electron affinity.

Understanding the reactivity of a chemical system requires
an understanding of chemical hardness and softness. Chemical
hardness describes a molecule's resistance to electron cloud
deformation (Mortier et al. 1985). The band gap energy of a
hard molecule is enormous, whereas the band gap energy of
a soft molecule is tiny. The soft molecule will polarize more
quickly and easily than the hard molecule (Obot et al. 2015).
Catechin has the greatest hardness value (2.86 eV) in Table 4,
suggesting that it is the hardest molecule. The softest chemical
is quercetin, which has the lowest softness value (0.54 eV).
The ability of a molecule to draw electrons.

Electronegativity is the tendency of a compound to attract
electrons to itself. Table 4 shows that acetalactone is the most
electronegative of all the chemicals (3.9 eV).

Analysing of auto-QSAR model

Quantitative structure-activity relationship (QSAR)
modeling is a statistical tool used in computational biol-
ogy and drug design to predict the biological activity of
chemical compounds based on their molecular structure.
Machine learning approaches, such as decision trees,
neural networks, or support vector machines, are often
used to train the models using a dataset of chemically
described compounds. AutoQsar, a Schrodinger module,
automatically divides datasets into 25% test and 75% train

Table 5 Parameters of the QSAR model

Model Code S.D R"2 RMSE Q2

Kpls_linear_14 0.4079 0.7563 0.4044 0.7518

sets (Supplementary Table 3). Standard Deviation (S.D)
(0.4079), Coefficient of Determination (R2) (0.7563), Root
Mean Squared Error (RMSE) (0.4044), and Cross-Valida-
tion (Q2) (0.7518) were the parameters for the best model,
Kpls_linear_14 (Table 5).

A low RMSE value indicates that the model's predic-
tions are close to the actual activity, a high Q2 value indi-
cates that the model is robust and has the good predic-
tive ability, and a low standard deviation value indicates
that the model's predictions are consistent and have little
spread or variability (Veerasamy et al. 2011; Gramatica
and Sangion 2016). These values suggest that the model
has moderate to good predictive ability and stability.

The scatter plot of the train and test data sets observed
and expected activity is depicted in Fig. 5. The QSAR
model was used to predict the pIC50 values of the top-hit
flavonoids and the reference medication. The top-ranked
flavonoids performed less than the reference medication
in terms of activity prediction (Table 6).

kpls_linear_14
8.0 4
7.5
E 7.0
5}
g
L 6.5
=
ol
3 6.0
9]
<
5.5 4
5.0 4
[ ]
451 ® Training Set
T T T T
4 5 6 7 ®. Test Set
Activity (observed) — y=X

Fig.5 Analysis of the scatter plot for the QSAR model

Table 6 Predicted bioactivity of the lead compounds and reference
ligand

PubChem ID Compound name pIC50(uM)
9064 (+)-Catechin 5.648
11,537,736 Actaealactone 5.741
44,575,387 Alloathyriol 5.556
118,959,080 Co-crystallized ligand 6.062
5,280,863 Kaempferol 5.71
5,280,343 Quercetin 5.764
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Conclusion

ERKS is a protein kinase with cancer and inflammation
therapeutic potential, making it a drug development target.
This work investigated flavonoids from Blighia sapida to
identify new lead compounds as ERKS inhibitors for breast
cancer therapy. The results demonstrated promising in silico
inhibitory efficacy, drug-likeness, and future research prom-
ise. The use of virtual screening methods in conjunction
with pharmacophore hypotheses aided in the identifica-
tion of novel possible ERKS inhibitors. Using the QSAR
model, Quercetin and Actaealactone showed the highest-
ranked predicted activity, implying that these chemicals are
ERKS inhibitors. However, additional experimental valida-
tion is required to demonstrate the therapeutic potential of
these compounds as medication candidates in breast cancer
therapy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43538-023-00210-9.
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