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Garlic (Allium sativum L.), is a predominant spice, which is used as an herbal medicine and flavoring agent,
since ancient times. It has a rich source of various secondary metabolites such as flavonoids, terpenoids
and alkaloids, which have various pharmacological properties. Garlic is used in the treatment of various
ailments such as cancer, diabetes and cardiovascular diseases. The present study aims to explore the
plausible mechanisms of the selected phytocompounds as potential inhibitors against the known drug
targets of non-small-cell lung cancer (NSCLC). The phytocompounds of garlic were identified by gas
chromatography-mass spectrometry (GC–MS) technique. Subsequently, the identified phytocompounds
were subjected to molecular docking to predict the binding with the drug targets, epidermal growth fac-
tor receptor (EGFR), human epidermal growth factor receptor 2 (HER2), echinoderm microtubule-
associated protein-like 4-anaplastic lymphoma kinase (EML4-ALK) and group IIa secretory phospholipase
A2 (sPLA2-IIA). Molecular dynamics is used to predict the stability of the identified phytocompounds
against NSCLC drug targets by refining the intermolecular interactions formed between them. Among
the 12 phytocompounds of garlic, three compounds[1,4-dimethyl-7-(1-methylethyl)-2-azulenyl]phenyl
methanone, 2,4-bis(1-phenylethyl)-phenol and 4,5–2 h-oxazole-5-one,4-[3,5-di-t-butyl-4-methoxyphe
nyl] methylene-2-phenyl were identified as potential inhibitors, which might be suitable for targeting
the different clinical forms of EGFR and dual inhibition of the studied drug targets to combat NSCLC.
The result of this study suggest that these identified phytocompounds from garlic would serve as promis-
ing leads for the development of lead molecules to design new multi-targeting drugs to address the dif-
ferent clinical forms of NSCLC.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The most common cause of neoplasia-related deaths that occur
worldwide is lung cancer (Bankovic et al., 2010; Al-Dhabi et al.,
2015). Lung cancer, is a malignant tumour characterized by abnor-
mal cell growth in the tissue lining of the lung and is categorized
into Non-small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC) depending upon its cell type. NSCLC signifies 80% of all lung
cancers, with adenocarcinoma accounting for 40% of all cases (Rom
et al., 2000). Mutator phenotype and induction of genomic
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instability are the key events in the early stages of cancer. The
comprehensive molecular investigation of NSCLC has made it pos-
sible to identify the foremost genes that are critical in carcinogen-
esis process.The significant genes reported are epidermal growth
factor receptor (EGFR), human epidermal growth factor receptor
(HER), echinoderm microtubule-associated protein-like 4 anaplas-
tic lymphoma kinase (EML4-ALK) and phospholipase A2 group IIA
(PLA2G2A) (Daga et al., 2015; Valsalam et al., 2019). Among these
genes, 10–40% of the NSCLC patients show active mutation in EGFR
gene. The EGFR family of gene belongs to receptor tyrosine kinases
and has four known members: EGFR or HER1/ErbB1, HER2/ErbB2,
HER3/ErbB3, and HER4/ErbB4 (Wieduwilt et al., 2008; Valsalam
et al., 2019). Among these, EGFR and HER2 are the key receptors
that possess an intracellular protein kinase domain with tyrosine
kinase activity, which are expressed in lung cancer. The amplifica-
tion or overexpression of both genes has been connected in the
clinical course of several cancers, including NSCLC.40% of Asian
and 10–15% of the Caucasian patient’s exhibit EGFR mutations.
Mutations, duplications, deletions and insertions in EGFR exon 18
have been commonly reported (Elango et al., 2017; Galli et al.,
2018). HER2, a member of the ErbB tyrosine kinase family is the
preferred binding partner of the ErbB receptors and HER2/EGFR
heterodimer has a potent signal transduction when compared to
EGFR homodimers. The oncogenic driver mutations in the HER2
gene are found as insertion mutations in exon 20 (Kramarski
et al., 1998). A fusion type protein tyrosine kinase found in 4–5%
NSCLC patients is EML4-ALK. This is the most recently identified
oncogene and arises due to the inversion on the short arm of chro-
mosome 2. Inversion is seen in the exons 1–13 of EML4 and exons
20–29 of ALK. This results in the formation of a chimeric protein
EML4-ALK (Rikova et al., 2007). Phospholipase A2 (PLA2) belongs
to phospholipase family, which initiates downstream generation
of cancer promoting eicosanoids by releasing arachidonic acid
from cell membranes. Secretory phospholipase A2 (sPLA2-IIA)
has been identified as a possible biomarker in some cancers,
including lung, prostate, and esophageal cancer (Yu et al., 2012).
sPLA2-IIA plays a key role in preventing the development of gastric
cancer and also the overexpression of sPLA2-IIA promote in vitro
cancer cell aggressiveness and in vivo cancer growth in lung cancer
cells (Ganesan et al., 2013).

Tyrosine kinase inhibitors have become the mainstay in the
treatment involving these genes in NSCLC. Gefitinib, Lapatinib,
Erlotinib (EGFR and HER2 tryrosine kinase inhibtors), Crizotinib,
Ceritinib, Alectinib (EML4-ALK tyrosine kinase inhibitor) and Vare-
spladib (sPLA2 inhibitor) have been attractive drugs for treating
patients with NSCLC (Zhang et al., 2012). These small molecules
also showed remarkable results in binding effectively to mutant
oncogenes until the development of acquired drug resistance in
patients. Reason behind this activity is due to the steric interfer-
ence led by the mutations in the oncogenes and the characteristics
of the inhibitor binding. Apart from drug resistance, patients also
suffer from treatment-related adverse effects such as rashes and
diarrhoea (Stella et al., 2012). Hence, a search for a safe and reliable
treatment of NSCLC is much required. Though the therapeutic out-
looks of lung cancer have endured intense changes over the last
decade, primarily due to the advantages experienced through tar-
geted therapy, yet traditional compounds obtained from nature
are considered safe and effective. Secondary metabolites and small
molecules from plants have been widely accepted as lead agents in
the treatment of several cancers (Banaganapalli et al., 2013). Com-
pounds obtained from spices and vegetables consumed as a part of
the diet are of immense interest in recent years. Garlic, ginger, pep-
per, cardamom, Curcumin etc. are a part of the daily consumed
food as well as traditional medicine (Zheng et al., 2016; Elango
et al., 2016a, 2016b; Fowsiya et al., 2016). A wide range of these
active phytocompounds are being explored through economic
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computational methods and laboratory trails of these agents sup-
port their clinical use in treating lung cancer (Glorybai et al.,
2015; Haritha et al., 2016; Helan et al., 2016; Ilavenil et al.,
2017). Several clinical studies have demonstrated that the phyto-
compounds of garlic have a great role in the prevention of cancer
(Park et al., 2016a, 2016b, 2017; Surendra et al., 2016a). Research
findings revealed the correlation between excess garlic intake
and reduction in risks of the pancreas, colon, stomach, esophagus
and breast cancers (Fleischauer and Arab, 2001; Al-Dhabi and
Arasu, 2016; Barathikannan et al., 2016; Cuong et al., 2017). Epi-
demiological studies conducted in the Chinese population indi-
cated the correlation between raw garlic consumption and its
protection against lung cancer (Myneni et al., 2016). Recent
research findings explored a novel constituent, N-Benzyl-N-
methyl-dodecan-1-amine (BMDA) from garlic bulbs. It has the
potential to inhibit cell migration in A549 lung cancer cells
(Kaowinn et al., 2018; Valsalam et al., 2019). In this context, bioac-
tive metabolic compounds were identified from a garlic cultivar
grown at the hills in the Western Ghats using chromatographic
technique and were scrutinised using a computational approach
in this study against protein targets to identify their potency in
inhibiting the oncogenes involved in NSCLC.
2. Materials and methods

2.1. Collection of plant materials and extraction

Garlic bulbs were collected from Attuvampatti, Kodaikanal,
India. The bulbs were sliced, dried in air and grinded to obtain gar-
lic powder. The fresh garlic powder was subjected to Soxhlet
extraction using ethanol as a solvent for 48 h at the respective boil-
ing point of the solvent (Lin et al., 1999). Whatman No.1 filter
paper is used to filter the extract and then concentrated in vacuum
at 40 �C using a rotary evaporator. The extract was preserved at
4 �C for further analysis.

2.2. Identification of the phytocompounds by GC–MS analysis

The GC–MS analysis of phytocompounds from the ethanol
extract of garlic was done using Perkin Elmer Clarus 680 gas
chromatography-mass spectrometer with a fused silica column,
packed with Elite-5MS (5% biphenyl, 95% dimethylpolysiloxane,
30 m � 0.25 mm ID � 250 lm df).Spectroscopic detection by
GC–MS involved an electron ionization system which utilized
high-energy electrons (70 eV) while helium was used as the carrier
gas at a constant flow of 1 ml/min. The initial temperature was set
at 60 �C with an increasing rate of 3 �C/min and holding time of
about 10 min. Finally, the temperature was increased to 300 �C
at 10 �C/min.

The injector temperature was set at 260 �C during the chro-
matographic run. The injection of 1 lL of the extract was per-
formed in splitless mode. The phytocompounds present in the
ethanol extract of garlic was determined and compounds are iden-
tified by retention time based on the database of National Institute
Standard and Technology (NIST).

2.3. Molecular docking studies

The identified phytocompounds of garlic from GC–MS analysis
was subjected as ligands to perform molecular docking studies.
Molecular docking study was executed with AutoDock v4.2.3in
order to predict the binding and structure of the intermolecular
complex between the drug targets and the identified phytocom-
pounds (Morris et al., 1998). The three-dimensional structures of
key drug targets, EGFR, HER2, EML4-ALK and sPLA2-IIA were
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retrieved from the RCSB protein data bank (PDB) of high resolution
and co-crystallized with respective inhibitors, which was tabulated
in Table 1.

The main focus of the study is to inhibit EGFR at the different
clinical forms of NSCLC. Therefore, the chain A of four EGFR struc-
tures from PDB were utilized to mimic the wild type, T790M-
containing mutant,T790M/C797S-containing mutant and exon 20
insertion mutants (PDB Id: 1 M17, Resolution: 1.55 Å; PDB Id:
5HG8, Resolution: 1.42 Å; PDB Id: 5XGN, Resolution: 3 Å and
PDB Id: 4LRM, Resolution: 3.526 Å respectively) (Stamos et al.,
2002; Cheng et al., 2016; Kong et al., 2017; Yasuda et al., 2013).
These mutants reflect the different clinical manifestations and
pharmacological action of tyrosine kinase inhibitors. In order to
explore the possibility of the identified phytocompounds for
multi-targeted therapy of NSCLC, the docking calculations were
carried out with other proven drug targets with the chain A of
HER2, ALK and sPLA2-IIA (PDB Id: 3PP0, Resolution: 2.25 Å, PDB
Id: 4Z55, Resolution: 1.55 Å and PDB Id: 5G3N, Resolution:
3.526 Å respectively) (Aertgeerts et al., 2011; Michellys et al.,
2016; Giordanetto et al., 2016). Since our interest is to study the
binding of identified phytocompounds with the catalytic domain
of EML4-ALK, we have utilized the structure of the catalytic
domain of ALK for the docking studies, given that the experimental
structure of fusion protein of EML4-ALK is not available yet and the
catalytic domain is identical in both EML4-ALK and ALK.

2.4. Protein and ligand preparation

The structures of drug targets were preprocessed by removing
ligands, heteroatoms and water molecules from their respective
PDB crystal structures. The structures were also cleaned in Discov-
ery Studio v4.5 (DS) to model incomplete residues, standardize
atom order, correct connectivity/bond orders, and retain one set
of alternate conformations and addition of hydrogens (Dassault
Systemes BIOVIA). Then, the respective structures of drug targets
were processed in AutoDock suite by merging non-polar hydrogens
into their respective heavy atoms, followed by addition of
Gasteiger-Marsili charges and the atom types were fixed (Morris
et al., 2009). The structures of identified phytocompounds were
retrieved from PubChem database (Kim et al., 2016) and imported
to AutoDockTools as ‘Sybyl mol20 format. The ligands were pro-
cessed via ‘Ligand’ menu that fixes the torsion tree, non-polar
hydrogens, charges, and atom types.

2.5. Docking calculations

Docking was performed with the drug targets and the identified
phytocompounds with the Lamarckian genetic algorithm (LGA) in
AutoDock v4.2.3 (Morris et al., 1998). The ligand binding pockets
of respective drug targets were identified from the bound co-
crystallized inhibitors from PDB structure and subsequently con-
firmed with the published literature. A grid maps for all atom types
of each protein were generated independently by fixing the grid
box using AutoGrid utility. The grid spacing was set to 0.375 Å,
such a way that it covers the complete ligand-binding pocket.
Table 1
Selected drug targets with their structural information.

Drug Target PDB Id Resolution (Å) Clinical forms

EGFR 1 M17 1.55 Wild type
5HG8 1.42 T790M-mutant
5XGN 3.00 T790M/C797S-containing mutant
4LRM 3.53 Exon 20 insertion mutant

HER2 3PP0 2.25 Wild type
ALK 4Z55 1.55 Wild type, 1 mutation
sPLA2-IIA 5G3N 3.53 Wild type
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The grid box was centered based on the co-crystallized inhibitors
of the respective drug targets. The initial population size was fixed
as 300 and 27,000 as the maximum number of generations for 100
independent LGA runs with 25,000,000 as the maximum number
of energy evaluations. In each run, the best individual from each
generation was propagated to the next generation via ‘elitism’
and the remaining docking parameters were set to default
(Saravanan et al., 2012). Root mean square deviation (RMSD) is
used to cluster each molecule, by analysing the docked positions
and it is used to determine the optimal binding of the identified
phytocompounds with their respective drug targets. The phyto-
compounds were visually inspected for their intermolecular inter-
actions (hydrogen bonds, van der Waals and hydrophobic
interactions) with the respective drug targets with the help of
DS. The phytocompounds with satisfactory binding with the
respective drug targets were investigated further by molecular
dynamics simulations.
2.6. Molecular dynamics simulations

Classical MD simulations of each system was carried out with
CHARMM27 all-atom force field using GROMACS v5.1.4 program
while the topology of the phytocompounds were generated by
the SwissParam webserver, which was summarized in Table 2
(Bjelkmar et al., 2010; Zoete et al., 2011). The independent MD
simulations were carried out on the intermolecular complex from
docking studies, which serve as the initial structure for each sys-
tem. Each system is neutralized with counter-ions in a dodecahe-
dron box with TIP3P water model followed by energy
minimization with a force below 1000 kJ/mol via steepest descent
algorithm. The initial equilibration was performed at constant vol-
ume (NVT) for 1 ns at a temperature of 300 K, followed by second
equilibration for 1 ns at constant pressure (NPT) of 1 bar.

Since we are refining the intermolecular complex from docking
studies, the production runs of 20 ns in NPT ensemble at an inte-
gration time of 0.2 fs were performed using leapfrog algorithm.
LINCS algorithm was used to constrain all bonds while the ionic
interactions were calculated using particle mesh Ewald algorithm
(Hess, 2008). In total, 20,000 conformations for each system were
collected from MD trajectories and subsequently investigated with
DS, GROMACS built-in utilities, visual molecular dynamics (VMD)
(Humphrey et al., 1996). Further, the intermolecular complexes
of the identified phytocompounds with drug targets were manu-
ally inspected for satisfactory binding. The research methodology
of the current study is depicted in Fig. 1.
3. Results and discussion

In general, Garlic produces biologically active metabolites with
a variety of properties (Surendra et al., 2016b, 2016c). Natural
compounds as drug targets were necessary before computing their
potency against NSCLC oncogenes. Identification of the active com-
pounds present in the ethanolic extract of the garlic bulbs was
done with the help of Gas Chromatography and Mass Spectroscopy
technique (GC–MS). Based on a vigilant analysis of the chro-
matogram and MS fragmentation data when compared with the
NIST library, we identified 12 compounds (Fig. 2 & Table 2).
Numerals indicating the percentage of peak area aided in identify-
ing the levels of the individual compounds in the ethanolic extract.
The compound with the highest peak area percentage was 4,5–2 h-
oxazole-5-one,4-[3,5-di-t-butyl-4-methoxyphenyl]methylene-2-p
henyl accounting for 31.53%. Other compounds that dominated the
chromatogram were 2,4-bis(1-phenylethyl)- phenol, p-tert-butyl
phenol and1,4-dimethyl-7-(1-methylethyl)-2-azulenyl]phenyl
methanone. Verma et al., 2014 has reported that Cadabatrifoliata



Table 2
GC–MS profile of ethanol extract of garlic.

S.
No

Compound Name Short Names % of Peak
Area

Retention
time

Molecular
formula

Molecular
weight

1. 2-HYDROXY PROPANAMIDE Propanamide 4.06 2.85 C3H7O2N 89
2. P-TERT-BUTYL PHENOL Butyl-phenol 11.54 12.81 C10H14O 150
3. 3-HYDROXY-2,2-DIMETHYL-, 3-HYDROXY-2,2-DIMETHYLPROPYL

PROPANOIC ACID
Propanoic-acid 3.35 13.42 C10H20O4 204

4. 1-OXASPIRO[2.5]OCT-5-ENE, 8,8-DIMETHYL-4-METHYLENE Oxaspiro 2.65 16.44 C10H14O 150
5. 4-(1,1-DIMETHYLPROPYL)- PHENOL Dimethylpropyl 4.72 16.68 C11H16O 164
6. HEXESTROL Hexestrol 2.21 16.97 C18H22O2 270
7. 4-(1-PHENYLETHYL)- PHENOL Phenylethyl 6.22 17.18 C14H14O 198
8. N-HEXADECANOIC ACID Decanoic-acid 3.79 19.02 C16H32O2 256
9. (Z)-14-TRICOSENYL FORMATE Tricosenyl 5.19 20.44 C24H46O2 366
10. [1,4-DIMETHYL-7-(1-METHYLETHYL)-2-AZULENYL]PHENYL METHANONE Methanone 9.42 23.26 C22H22O 302
11. 2,4-BIS(1-PHENYLETHYL)- PHENOL Bis-Phenylethyl 15.27 22.50 C22H22O 302
12. 4,5-2H-OXAZOLE-5-ONE, 4-[3,5-DI-T-BUTYL-4-METHOXYPHENYL]

METHYLENE-2-PHENYL
Oxazole 31.53 26.95 C25H29O3N 391

Fig. 1. Methodology of the in silico Molecular Docking analysis.
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leaves containing 1,4-dimethyl-7-(1-methylethyl)-2-azulenyl]
phenyl Methanone have antimicrobial, antipyretic and anthelmin-
tics activities. Melappa et al., 2017 in a study has reported the use
of 2,4-bis(1-phenylethyl)- phenol and p-tert-butyl phenol identi-
fied from endophytic fungi as antimitotic and antiproliferative
agents. 2,4-bis(1-phenylethyl)-phenol also showed antioxidant
property (Kurian et al.,2010). Compounds from the present study
were identified for the first time in ethanolic garlic extract and
are hardly reported for their anti-proliferative effects in NSCLC
oncogenes; therefore we further proceeded in studying their inter-
action using computational studies.
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To assess the suitability of the identified phytocompounds from
garlic as potential anticancer agents, the computational studies
were carried out on the known drug targets of NSCLC, EGFR,
HER2, EML4-ALK, and sPLA-IIA. The docking scores of the studied
natural products were comparatively low, owing to their large size,
huge contribution of hydrophobic interactions. The phytocom-
pounds were bound well in the desired ligand-binding pocket of
wild type and mutants of EGFR via hydrogen bonds along with sig-
nificant hydrophobic interactions. Molecular docking of the identi-
fied phytocompounds with drug target, EGFR on its different
clinical forms is given in Table 3. Docking studies revealed that



Fig. 2. GC–MS chromatogram of ethanol extract of A.sativum.
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the phytocompounds methanone, bis-phenylethyl, oxazoleone,
hexestrol and oxazole had the potential to bind with the different
clinical forms of EGFR. These phytocompounds can serve as a start-
ing arsenal to develop lead molecules for EGFR-based therapeutics.

From the context of different clinical forms of EGFR and the pre-
dictions based on the number of conformations in the largest clus-
ter, the binding of phytocompounds were discussed below.
Methanone is found to be the best among the studied phytocom-
pounds in terms of docking score. Furthermore, Methanone bound
well to EGFR in mutant-clinical forms than its wild type. This
makes the compound more attractive as the potential inhibitor
against EGFR. The next hit compound is found to be bis-
phenylethyl. Bis-Phenylethyl is not binding well in T790M-
mutant containing structure. However, it is found to be consider-
ably good in double- and exon-mutant forms of EGFR. A Similar
scenario was also observed in the case of Oxazole. Interestingly,
hexestrol is the only identified phytocompound, which bound well
with the exon-mutant containing structure (4LRM) than the rest of
EGFR clinical forms. Apart from the above-mentioned compounds,
the phytocompounds dimethylpropyl, oxaspiro, and butyl-phenol
Table 3
Molecular docking analysis of phytocompounds from garlic with different forms of EGFR.

S.No. Inhibitor 1 M17 5HG8

delG# Confs$ delG#

1 Methanone �8.23 89 �8.53
2 Bis-Phenylethyl �8.14 61 �7.06
3 Oxazole �6.94 33 �7.07
4 Hexestrol �7.05 17 �7.7
5 Dimethylpropyl �5.24 81 �5.89
6 Oxaspiro �5.14 63 �5.49
7 Butyl-Phenol �5.07 77 �5.49
8 Deconoic-Acid �4.54 23 �5.42
9 Tricosenyl �4.22 14 �4.46
10 Propanamide �3.94 39 �4.49
11 Propanoic-Acid �4.79 30 �5.79
12 Phenylethyl �6.55 98 �6.92

# - Binding energy of the conformation from the largest cluster
$ - number of conformations in the largest cluster of 100 LGA runs.
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showed comparatively less binding with different clinical forms
of EGFR that cannot be neglected. These three compounds alone
bound with T790M-mutant containing structure (5HG8) effec-
tively. The relatively high conformations in the largest cluster of
these compounds reflect that their binding are reliable and their
structures are quite planar or ring-containing molecules in nature
These molecules could be useful as fragments for the drug design
and development for EGFR-based therapeutics. Decanoic-acid,
propanoic-acid and tricosenyl, as well as propanamide, are the only
compounds which showed poor binding with EGFR structures,
which are potential because of their planar/linear and small struc-
ture respectively.

To test the suitability of the identified phytocompounds with
the other drug targets for NSCLC were investigated via molecular
docking. The proteins HER2, ALK and sPLA2-IIA were considered
as other drug targets for the possibility of dual inhibition against
NSCLC. The observations of the phytocompounds with other drug
targets HER2and sPLA2-IIA are similar to that of EGFR except for
ALK. Interestingly, the phytocompounds revealed effective binding
with HER2 and sPLA2-IIA. The phytocompounds Methanone, Bis-
5XGN 4LRM

Confs$ delG# Confs$ delG# Confs$

38 �9.45 59 �9.10 65
17 �7.7 51 �8.5 44
32 �7.25 67 �7.78 45
21 �7.16 28 �6.96 55
93 �5.3 100 �5.34 98
89 �5.28 100 �5.18 97
84 �4.98 100 �4.93 88
19 �5.22 38 �5.15 19
12 �4.56 22 �4.16 9
70 �4.14 62 �4.11 31
38 �5.77 37 �4.88 35
57 �5.57 40 �6.9 87
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Phenylethyl, Hexestrol, and Oxazole reflects that their binding with
ALK is not satisfactory. However, the phytocompounds Dimethyl-
propyl, Oxaspiro, and Butyl-Phenol showed significant binding
with ALK which combinatorial chemists could exploit for drug
design and development. As expected, Decanoic-acid and Tri-
cosenyl, as well as Propanamide, are the only compounds which
showed poor binding with the drug targets. The interactions of
phytocompounds with their respective drug targets were summa-
rized in Table 4.

Molecular dynamics (MD) simulations is a widely used tool to
reliably predict and refine the binding of small molecules with pro-
teins (Alonso et al., 2006). It also estimates whether the binding
between the small molecules and proteins are stable. The purpose
of MD simulations in the current study is to refine the predicted
binding of screened phytocompounds of garlic with their respec-
tive drug targets from molecular docking studies and to study
the inter-molecular interactions and stability of phytocompounds
with their respective drug targets thereby the discovery of poten-
tial anti-lung cancer lead molecules, the predicted complexes from
docking studies were considered as the initial structures for MD
simulations.

The present study was on the double and exon mutants and
based on the reliability of docking predictions, the inter-
molecular interactions of methanone, bis-phenylethyl, and oxazole
with their respective structures along with wild type for compar-
ison studies were investigated. The stability of the complexes
was inspected with RMSD and radius of gyration. The RMSD values
of protein backbone atoms were satisfactorily low with different
clinical forms of EGFR while wild type has less deviation. The
RMSD analysis reflects that the intermolecular complexes were rel-
atively stable. The analysis of gyration of EGFR structures in com-
plex with the phytocompounds also reflects that the
phytocompounds bound with EGFR structures are compact. A sim-
ilar profile has been observed with the other drug targets, ALK,
HER2, and sPLA2-IIA. The overall analysis reflects that the MD sim-
ulations are reliable for assessing the interactions of phytocom-
pounds with EGFR structures.
3.1. Interactions of the phytocompounds with wild type EGFR

MD simulations revealed that the phytocompounds methanone,
bis-phenylethyl, and oxazole were bound well with the wild type
EGFR, which were shown in Table 5 and Fig. 3. The oxygen atom
of Methanone is interacting with Thr830 of wild type EGFR
(wtEGFR) via hydrogen bond with a distance of 1.92 Å. In addition,
the phenyl ring of methanone interacts with Thr766 via Pi-Donor
Table 4
Molecular docking analysis of phytocompounds with drug targets for dual inhibition agai

S.No. Inhibitor ALK

delG# Confs$

1 Methanone �7.73 33
2 Bis-Phenylethyl �7.37 28
3 Oxazole �6.72 27
4 Hexestrol �5.86 29
5 Dimethylpropyl �5.94 67
6 Oxaspiro �5.61 97
7 Butyl-Phenol �5.55 73
8 Deconoic-Acid �5.02 39
9 Tricosenyl �3.67 10
10 Propanamide �3.89 29
11 Propanoic-Acid �6.74 94
12 Phenylethyl �7.33 41

# - Binding energy of the conformation from the largest cluster
$ - number of conformations in the largest cluster of 100 LGA runs
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hydrogen bond with a distance of 2.42 Å. In addition, several
hydrophobic (Alkyl and Pi-Alkyl) interactions were observed with
residues Phe699, Val702, Ala719, Lys721, Cys773, and Leu820 of
wtEGFR along with several hydrophobic residues is in close prox-
imity. Further investigations revealed that methanone is firmly
interacting with wtEGFR via hydrogen bonds and hydrophobic
interactions. Oxazole compound formed a hydrogen bond with
Met769 with an oxygen atom of the oxazole ring while the meth-
oxy moiety formed a carbon hydrogen bond with Leu694. In addi-
tion, the residues Val702, Ala719, Lys721 and Leu820 involved in
hydrophobic (Pi-Alkyl) interactions. However, no hydrogen bond
is observed between bis-phenylethyl and wtEGFR, Pi-Sulphur and
Pi-Pi T-shaped bonds were observed with residues, Cys773, and
Phe699 respectively. In addition, several hydrophobic interactions
were observed with residues, Phe699, Val702, Ala719, and Lys721.

It is noteworthy to mention that similar binding profile was
observed between several FDA approved drugs/small molecules/-
natural compounds and wtEGFR that leads to chemoprevention.
Notably, the residues Phe699, Lys721, Met769, Thr830 and
Asp831 of wtEGFR involved in the binding with natural products,
which is observed in methanone (Singh and Bast, 2014). In addi-
tion, rugosaflavanoid derivatives were bound with the residues
Leu694 and Gly772 exhibited anticancer activity, which is also
observed with methanone (Puranik et al., 2017). In addition, oxa-
zole interacted with residues Met769, Lys721, Thr830, and
Asp831 of wtEGFR, along with residues Phe771, Cys773, Leu694,
Leu768, and Gly772 which were reported as key interactions
(Singh and Bast, 2014).
3.2. Interactions of the phytocompounds with double mutant EGFR

The interactions of the compounds methanone, bis-phenylethyl
and oxazole with double mutant EGFR (dmEGFR) were presented
in Table 6 and Fig. 4. The hydrogen bond interaction is formed
between the oxygen group of methanone with the Met793 of
dmEGFR with a distance of 1.98 Å. Alkyl and pi-alkyl interactions
were observed with residues Leu718, Val726, Ala743, Lys745,
Met790, Met793, and Leu844. These interactions revealed that
methanone has better binding with dmEGFR via a hydrogen bond,
alkyl and pi-alkyl interactions. Hydrogen bond was not observed in
oxazole compound, but it forms alkyl and Pi-alkyl interactions with
the residues Leu718 and Val726, while bis-phenylethyl forms
hydrogen bond with Gln791 and Met793 along with hydrophobic
interactions with Met790 and Leu844 of dmEGFR.

To summarize, the interactions of the phytocompounds
methanone, bis-phenylethyl, and oxazole with dmEGFR were
nst NSCLC.

HER2 SPLA-IIA

delG# Confs$ delG# Confs$

�9.65 98 �10.18 100
�9.89 46 �9.84 48
�7.92 59 �9.59 55
�7.42 22 �7.19 72
�6.44 81 �5.79 100
�5.88 75 �5.86 100
�6.02 94 �5.48 100
�6.13 28 �5.97 26
�7.43 11 �6.21 25
�3.7 45 �3.79 59
�5.74 85 �6.48 93
�7.89 91 �7.2 99



Table 5
The inter-molecular interactions of the phytocompounds, Methanone, Oxazole and Bis-Phenylethyl with wild type EGFR (PDB Id: 1 M17) refined by MD simulations.

Inhibitor Hydrogen
Bond

Pi-Donor
Hydrogen
Bond

Carbon
Hydrogen
Bond

Pi-
Sulphur

Pi-Pi
T-
shaped

Alkyl Pi-Alkyl Vander Waals
Interactions

Contact Residues

Methanone Thr830 Thr766 – – – Val702,
Cys773,
Leu820

Phe699[2],
Val702[2],
Ala719, Lys721,
Leu820

– Leu694,Gly695, Ser696, Ile720,
Met742, Cys751, Leu753, Leu764,
Ile765, Thr766, Met769, Gly772,
Asp831

Oxazole Met769 – Leu694 – – – Leu694[2],
Val702[2],
Ala719, Lys721,
Leu820[2]

Glu695, Thr766,
Leu768, Gly772,
Cys773, Asp831

Ser696, Gly697, Pro770, Phe771,
Thr830

Bis-Phenylethyl – – – Cys773 Phe699 Leu820 Phe699, Val702
[2], Ala719,
Lys721

– Leu694, Gly695, Tyr703, Ile720,
Met742, Leu764, Thr766, Asn818,
Thr830, Asp831
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satisfactory. Methanone forms interaction with dmEGFR via the
key residues such as Val726, Ala743, Lys745, and Met790, whereas
Lys745 forms interaction with both bis-phenylethyl and oxazole.
These interactions have been observed with the first allosteric inhi-
bitor, EAI045 in combination with the antibody cetuximab that
inhibit EGFR kinase effectively (Zhao et al., 2018).

3.3. Interactions of the phytocompounds with exon mutant EGFR

The intermolecular interactions of phytocompounds with exon
mutant EGFR (emEGFR) refined by MD simulations indicates that
Thr857 and Asp858 forms hydrogen bond with methanone
whereas Met796 had a hydrogen bond with oxazole and bis-
phenylethyl. In addition, bis-phenylethyl also formed a hydrogen
bond with Gln794. Pi-sigma and Pi-sulphur interactions were
observed between Val726 and Met766 with methanone. Val726,
Ala743, Met796, Cys800, Leu847, Lys745, Leu791, Leu718,
Leu795, and Phe723 forms Alkyl and Pi-Alkyl interactions. The
inter-molecular interactions of phytocompounds with emEGFR
are presented in the Table 7 and Fig. 5. Interaction with residues
Leu718, Ala743, and Lys745 were exhibited by pyrimidine-based
benzylcarbamate derivatives that inhibit proliferation and sig-
nalling pathways of emEGFR and HER2, which was observed in
the studies of phytocompounds (Jang et al., 2018). Gefitnib and
Imatnib drugs remain as the key therapy for lung cancer treatment
as they exhibit tyrosine kinase inhibitor activity of EGFR. The rates
of patients who respond to Gefitinib is upto 40% and mostly belong
to the Asian ethnic group but approximately 77% patients exhibits
mutational changes in EGFR gene as compared to 7% refractory to
Gefitinib and belong to NSCLC category (Nand et al., 2016). Drug
targets of the present study revealed good binding interaction with
the EGFR gene with mutations. Shaik et al., 2019 has reported
CUCM-36((1E,4Z,6E)-1-(3,4-Diphenoxyphenyl)-5-hydroxy-7-(4-hy
droxy-3 phenoxy phenyl)-1,4,6-heptatrien-3-one) with better
affinity towards wild type and mutant forms of EGFR which was
similar to our results. Granulatimide, Danorubicin, Penicinoline
and Austocystin D, compounds from traditional Chinese medicine
were shown to exhibit inhibitory effect towards EGFR mutant
genes, which supports the interaction of the compounds in the pre-
sent study as garlic is one of the important constituent of tradi-
tional Chinese medicine.

3.4. Interactions of the phytocompounds with HER2

Among the phytocompounds, bis-phenylethyl interacts with
the oxygen atom of Ala751 of HER2 via a hydrogen bond with a dis-
tance of 2.12 Å, while oxazole forms carbon hydrogen bond with
the oxygen atom of Gln943. Furthermore, bis-phenylethyl had Pi-
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Pi T-shaped interaction with Phe864 of HER2. Various hydrophobic
interactions were observed between Leu726, Val734, Ala751,
Lys753, Leu852, Cys805, Pro942, Met774, Leu785, Leu796,
Phe864 of HER2 and the phytocompounds. It has been reported
that Ala751, Lys753, and Leu796 are involved in the interactions
between cannabisin F and HER2. Cannabisin F is an acyclic bis-
phenylpropane lignanamides found in the fruits of Cannabis sativa,
has been reported for its cytotoxic activity against lung cancer and
cervical cancer (Hu et al., 2016). The interactions of methanone,
oxazole, and bis-phenylethyl with HER2 were presented in Table 8
and Fig. 6. Secondary metabolites from plants show good potency
as drugs to target lung cancer. Especially flavonoids have seen to
possess good binding interaction with the oncogenes.HER2 does
not bind to ligand directly, but can form heterodimers with other
receptors of ERBB family (Ricciardi et al., 2014). HER2 activation
involves in various number of signal transduction pathways
including JAK/STAT and PI3K/AKT, RAS/MAP/MEK pathways.
HER2 is considered as a promising therapeutic agent for lung can-
cer therapy. The overexpression of HER2 is observed in 6–30% of
lung cancer cases. An insertion mutation in exon 20 of HER2 acti-
vates downstream signalling pathways and induced lung tumori-
genesis in animal models. 2–20% of lung cancer patients showed
HER2 gene amplification (Pillai et al., 2017).

7-hydroxyflavone, 2-(-4-fluorophenyl)- 4n-chromen-4-one, 3-
hydroxyflavone and 8-methylflavone,4-hydroxyflavone,6,3-
dimethyl flavone were found to be the best compounds indicating
minimum binding energy in examination with HER2 receptor
(Singhal et al., 2017)
3.5. Interactions of the phytocompounds with sPLA2-IIA

Hydrogen bond was not observed between the phytocom-
pounds and sPLA2-IIA, but Pi-donor hydrogen bond was formed
between methanone and Gly29 of sPLA2-IIA, a Carbon hydrogen
bond formed between oxazole and Gly22 of sPLA2-IIA. Other than
these interactions, various other interactions were observed and it
is summarized in Table 9 and interactions were visualized in Fig. 7.
Xanthone derivatives have a enormous range of pharmacological
properties, such as those involving antimalarial, anti-
inflammatory and anticancer properties (Miladiyah et al., 2018).
Molecular docking studies of xanthone derivatives against sPLA2-
IIA were reported in a research finding, in which Interactions with
Gly29, His47, His6 plays an important role. (Chen et al., 2017).
These residues are also involved in the interaction of identified
phytocompounds with sPLA2-IIA which substantiates the various
pharmacological benefits of garlic. Kumar et al., 2012 reported
the formation of one hydrogen bond interaction of PLA 2 for the
ligands Curcumin, Ellagic acid and Caffeic acid, whereas three



Fig. 3. The inter-molecular interactions of the phytocompounds, a) Methanone b) Oxazole and c) Bis-Phenylethyl with wild type EGFR (PDB Id: 1 M17) refined by MD
simulations.

Table 6
The inter-molecular interactions of the phytocompounds with double mutant EGFR (PDB Id: 5XGN) refined by MD simulations.

Inhibitor Hydrogen
Bond

Pi-Sigma Alkyl Pi-Alkyl Contact Residues

Methanone Met793 – Leu718, Val726[3], Ala743, Lys745,
Met790, Met793, Leu844

Leu718[2], Phe723[2],
Val726, Ala743

Gly719, Lys728, Gln791, Leu792, Pro794, Gly796,
Thr854

Oxazole – – Leu718 Leu718[2], Val726 Lys716, Val717, Gly719, Phe723, Lys728, Met790,
Leu792, Met793, Pro794, Gly796

Bis-Phenylethyl Gln791,
Met793

Met790 Met790, Leu844 Val726, Ala743[2],
Lys745, Leu844[2]

Leu718, Ile744, Met766, Leu788, Ile789, Leu792,
Arg841, Asn842, Thr854, Asp855
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Fig. 4. The inter-molecular interactions of the phytocompounds, a) Methanone b) Oxazole and c) Bis-Phenylethyl with double mutant EGFR (PDB Id: 5XGN) refined by MD
simulations.

R. Padmini et al. Saudi Journal of Biological Sciences 27 (2020) 3274–3289
hydrogen bond interactions was seen with Catechin. The present
study does not report any hydrogen bond formation but the pres-
ence of a pi donor bond was seen between methanone and Gly 29
of sPLA-IIA. Research findings on in vitro studies on sPLA2
inhibition demonstrated that it has the capability to decrease pro-
liferation of human lung cancer cells and it also reduces the
tumour growth in murine models (Halpern et al., 2018).
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3.6. Interactions of the phytocompounds with EML4-ALK

Hydrogen bond interactions were formed between Met708 of
EML4-ALK with all the three phytocompounds with a hydrogen
bond distance of 2.07, 1.917, and 2.218 respectively (Fig. 8). This
illustrates that Met708 plays a major role in binding affinity of
EML4-ALK with the garlic compounds. Additionally, Glu706 of



Table 7
The molecular interactions between the phytocompounds and exon mutant EGFR (PDB Id: 4LRM) refined by molecular dynamics simulations.

Inhibitor Hydrogen
Bond

Carbon
Hydrogen
Bond

Pi-
Sigma

Pi-
Sulphur

Alkyl Pi-Alkyl Contact Residues

Methanone Thr857,
Asp858

– Val726 Met766 Val726, Ala743,
Met796, Cys800,
Leu847

Val726, Lys745,
Leu791, Leu847[2]

Leu718, Gly719, Ser720, Gly721, Ile744,
Leu780, Ile792, Thr793, Gln794, Leu795,
Gly799, Asp803

Oxazole Met796 Gly799,
Arg844

– – Val726[2] Leu718, Val726,
Ala743, Leu795,
Cys800, Leu847

Gly718, Lys745, Thr793, Gln794, Pro797,
Phe798, Asn845, Thr857, Asp858

Bis-Phenylethyl Gln794,
Met796

– – – Val726, Lys745,
Cys778, Met796,
Leu847

Phe723, Ala743,
Lys745, Leu847

Glu762, Met766, Leu780, Leu791, Thr793,
Leu795, Cys800, Arg844, Asn845, Thr857,
Asp858

Fig. 5. The inter-molecular interactions of the phytocompounds, a) Methanone b) Oxazole and c) Bis-Phenylethyl with exonmutant EGFR (PDB Id: 4LRM) refined byMD simulations.
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Table 8
Inter-molecular interactions of the phytocompounds against HER2 (PDB Id: 3PP0) refined by MD simulations.

Inhibitor Hydrogen
Bond

Carbon
Hydrogen
Bond

Pi-Pi T-
shaped

Alkyl Pi-Alkyl Contact Residues

Methanone – – – Leu726, Val734,
Ala751, Cys805,
Leu852[2]

Leu726[2], Val734, Ala751
[3], Lys753, Leu852

Gly727, Ser728, Ile752, Leu785, Leu796, Val797,
Thr798, Gln799, Leu800, Met801, Tyr803, Gly804,
Thr862, Asp863

Oxazole – Gln943 – – Pro942 Trp913, Thr917, Ala920, Pro944, Pro945, Cys947
Bis-Phenylethyl Ala751 – Phe864 Val734, Lys753 Ala751, Lys753, Met774,

Leu785, Leu796, Leu852,
Phe864

Ile752, Glu770, Ala771, Ser783, Arg784, Val797,
Thr798, Gln799, Leu800, Met801, Thr862, Asp863
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bis-phenylethyl forms a hydrogen bond with a distance of 1.952
with EML4-ALK. Residues like Leu631, Lys659, Ala657, and
Leu765 are involved in the alkyl and pi-alkyl interactions (Table 10).
These residues also show interactions with 7-azaindole based ALK
inhibitors, which showed excellent binding efficiency against wild
type EML4-ALK and L1196M mutant enzyme (Gummadi et al.,
Fig. 6. The inter-molecular interactions of the phytocompounds, a) Methanone b) Oxaz
simulations.
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2013). Matrine, an alkaloid present in Sophora flarescens showed
a binding energy of � 6.19 kcal/mol ,Triptolide, a diterpenoid from
Tripterygiumwilfordii showed a binding energy of� 5.69 kcal/mol,
these were related to the binding energies obtained in the present
study (Anusha et al., 2019). The phytocompounds can therefore
be considered as potent inhibitors of ELM4-ALK.
ole and c) Bis-Phenylethyl with exon mutant EGFR (PDB Id: 3PP0) refined by MD



Table 9
The inter-molecular interactions of the phytocompounds with sPLA2-IIA (PDB Id: 5G3N) refined by molecular dynamics simulations.

Inhibitor Pi-Donor
Hydrogen
Bond

Carbon
Hydrogen
Bond

Pi-
Sulphur

Pi-Pi
Stacked

Pi-Pi
T-shaped

Amide-
Pi
Stacked

Alkyl Pi-Alkyl Contact Residues

Methanone Gly29 – Cys44 – Phe5 Gly29 Leu2, Ile9,
Ala17, Ala18,
Val30

Leu2, Phe5,
His6[2],
His47, Lys62

Ala1, Tyr21, Gly22, His27, Cys28,
Tyr51, Phe63, Ala94, Phe98

Oxazole – Gly22 – – His47,
Tyr51

– – Ala1, Lys62 Leu2, Phe5, His6, Ile9, Ala17, Ala18,
Tyr21, Gly29, Val30, Cys44, Asp48,
Tyr61, Phe98

Bis-Phenylethyl – – – Phe5,
His6

Phe5 – – Phe5, Ala17,
His47, Tyr51,
Lys62

Leu2, Ile9, Ala18, Tyr21, Gly22,
Cys28, Gly29, Val30

Fig. 7. The inter-molecular interactions of the phytocompounds, a) Methanone b) Oxazole and c) Bis-Phenylethyl with sPLA2-IIA (PDB Id: 5G3N) refined by molecular
dynamics simulations.
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Fig. 8. The inter-molecular interactions of the phytocompounds, a) Methanone b) Oxazole and c) Bis-Phenylethyl with EML4-ALK (PDB Id: 4Z55) refined by molecular
dynamics simulations.
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Table 10
Inter-molecular interactions of the phytocompounds with EML4-ALK (PDB Id: 4Z55) refined by molecular dynamics simulations.

Inhibitor Hydrogen
Bond

Carbon
Hydrogen
Bond

Pi-Lone
Pair

Amide-
Pi
Stacked

Alkyl Pi-Alkyl van der
Waals
Interactions

Contact Residues

Methanone Met708 – – – Leu631,
Val639[2]

Leu631[2], Ala657,
Val689, Leu705,
Met720
Leu765[2]

– Gly632, His633, Lys659, Ile680, Glu706,
Leu707 Gly711, Gly778

Oxazole Met708 Lys659 Met708 Ala709 Ala657,
Leu705

Leu631, Leu765 Gly710 Gly632, His633, Gly634 Val639, Val689,
Glu706, Leu707, Gly711 Asp712, Gly778
Asp779

Bis-Phenylethyl Glu706,
Met708

– – Leu631,
Val639,
Ala657

Ala657
Leu765 [2]

– Lys659 Val689, Val689, Leu705 Leu707,
Gly711, Asp712, Arg762, Asn763, Gly778
Asp779
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4. Conclusion

Despite the advances in drug development against cancer,
NSCLC still imposes great challenges. EGFR has been an attractive
drug target for the treatment of NSCLC, but the evolution of drug
resistance, there is an urgent need to discover effective drugs
against EGFR-mutants. Therefore, the ongoing combination trials
might revolutionize the treatment paradigm for EGFR-mutant
NSCLC. Previous research findings suggested that inhibiting the
distinct clones of EGFR-mutant NSCLC with EGFR inhibitors along
with other drug targets like HER2, EML4-ALK might be the solu-
tion. The identified phytocompounds could be the starting arsenal
for the development of lead molecules targeting EGFR-mutants
and other drug targets. Computational studies revealed that these
garlic phytocompounds inhibit wild type EGFR, as well as double
mutant and exon mutant. These compounds are also subjected
for their dual inhibitory effect against known lung cancer targets
of NSCLC. The garlic phytocompounds including methanone, bis-
phenylethyl, oxazole could serve as lead molecules for the develop-
ment of drugs to combat lung cancer.
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