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ABSTRACT: The epidermal growth factor receptor (EGFR) has
been considered a potential target for lung cancer therapy due to
its essential role in regulating the survival and proliferation of
cancer cells. Although erlotinib, a potent EGFR tyrosine kinase
(EGFR-TK) inhibitor, has been used as the first-line drug for lung
cancer treatment, acquired drug resistance caused by the T790M
secondary mutation of EGFR-TK inevitably develops after a
median response duration of 9−13 months. Thus, the search for
promising compounds to effectively target EGFR-TK has become
an imperative necessity. In this study, the kinase inhibitory
activities of a series of sulfonylated indeno[1,2-c]quinolines (SIQs)
against EGFR-TK were experimentally and theoretically inves-
tigated. Among the 23 SIQ derivatives studied, eight compounds
showed enhanced EGFR-TK inhibitory activity (IC50 values of ca. 0.6−10.2 nM) compared to the known drug erlotinib (IC50 of
∼20 nM). In a cell-based assay in human cancer cell lines with EGFR overexpression (A549 and A431 cells), the eight selected SIQs
all showed more significant cytotoxicity against A431 than A549 cells, consistent with the higher EGFR expression in A431 cells.
Molecular docking and FMO-RIMP2/PCM calculations revealed that SIQ17 occupies the ATP-binding site of EGFR-TK, where its
sulfonyl group is mainly stabilized by C797, L718, and E762 residues. Triplicate 500 ns molecular dynamics (MD) simulations also
confirmed the binding strength of SIQ17 in complex with EGFR. Overall, the potent SIQ compounds obtained in this work could be
further optimized for developing novel anticancer drug candidates targeting EGFR-TK.

1. INTRODUCTION
Lung cancer is one of the most common diseases among
humans, with a high mortality rate worldwide. Treatments for
this form of cancer focus on inhibiting the formation and
growth of tumors by targeting the relevant molecular targets.1

Several targeted drugs have shown remarkable anticancer
activity by explicitly blocking the driver oncogene-oriented
signaling cascades. The epidermal growth factor receptor
(EGFR) is a member of the ErbB family of tyrosine kinase
receptors,2 composed of an extracellular domain, a trans-
membrane region, and an intracellular tyrosine kinase (TK)
domain.3,4 The binding of epidermal growth factor (EGF) to
the extracellular domain of EGFR results in conformational
changes, which induces receptor dimerization with itself or
with other proteins of the ErbB family and the subsequent
phosphorylation of tyrosine. EGFR is considered one of the
highly effective proteins for targeted cancer therapy due to
relevant signaling cascades. This protein is overexpressed in
many types of cancer, especially non-small-cell lung cancer
(NSCLC),5,6 and plays an essential role in regulating the

proliferation, survival, differentiation, and apoptosis evasion of
cancer cells.7,8

Erlotinib is one of the standard first-line treatments for
EGFR mutation-driven NSCLC. Although this drug has been
effective in cancer patients,9,10 acquired drug resistance caused
by the T790M secondary mutation in EGFR-TK inevitably
develops after a median response duration of 9−13 months.11

Additionally, erlotinib has several side effects, such as fatigue,
paronychia, and hair changes.12 Thus, the search for novel
promising compounds that effectively target EGFR-TK has
become an imperative necessity.13,14 Erlotinib and other
approved drugs targeting EGFR, including gefitinib and
afatinib, as well as other reported compounds (IC50 of ca.
20−40 nM), are composed of a “quinoline ring”.15−17 As

Received: February 22, 2023
Accepted: May 5, 2023
Published: May 23, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

19645
https://doi.org/10.1021/acsomega.3c01195

ACS Omega 2023, 8, 19645−19655

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kowit+Hengphasatporn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thitinan+Aiebchun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panupong+Mahalapbutr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atima+Auepattanapong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Onnicha+Khaikate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Onnicha+Khaikate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kiattawee+Choowongkomon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chutima+Kuhakarn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jatuporn+Meesin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasuteru+Shigeta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasuteru+Shigeta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanyada+Rungrotmongkol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c01195&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01195?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01195?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01195?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01195?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01195?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/22?ref=pdf
https://pubs.acs.org/toc/acsodf/8/22?ref=pdf
https://pubs.acs.org/toc/acsodf/8/22?ref=pdf
https://pubs.acs.org/toc/acsodf/8/22?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c01195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


sulfonylated indeno[1,2-c]quinolines (SIQs, Figure 1) contain
the quinoline double-ring structure, we hypothesized that SIQs
may inhibit EGFR-TK activity in a manner similar to the
known EGFR inhibitors.
Traditional laboratory investigations require costly com-

pound synthesis via a series of chemical methods and in vitro
and in vivo experiments. In parallel with these, in silico studies
provide a significant opportunity to design and develop novel
potent inhibitors with desired specificity and sensitivity that
can competitively inhibit the ATP-binding site of EGFR-TK.
In this study, we propose a novel potent inhibitor based on the
SIQ structures considered. The physicochemical properties
and drug-likeness of a series of synthesized SIQs were first
predicted, using computational tools to confirm their potential
for successful development. Subsequently, these compounds
were experimentally screened using the kinase inhibition assay
against EGFR-TK. The in vitro cytotoxicity of the screened
SIQs toward EGFR-overexpressing A549 and A431 cancer
cells was determined using a 3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide (MTT) assay and compared to
that of erlotinib as a reference compound. The molecular
binding mechanism of the potent SIQs was investigated via the
fragment molecular orbital (FMO) method and molecular
dynamics (MD) simulations. Per-residue free energy decom-

position analysis revealed insights into the binding interaction
profile and the manner in which the potent SIQs inhibit EGFR.
Overall, the findings from this study could be advantageous in
the further design and development of SIQ derivatives as novel
anticancer drugs targeting EGFR-TK.

2. RESULTS AND DISCUSSION
2.1. Physicochemical Property Prediction. The drug-

likeness of the 23 SIQs was predicted using ADMETlab 2.0
based on Lipinski’s rule of five and their physicochemical
properties.19 The predicted ADMET profile showed that
substituting Br in the SIQs increases their molecular weight
(Mw), resulting in SIQ4 and SIQ20 falling outside of Lipinski’s
rule of five (Mw > 500 Da). In addition, the Mw of SIQ13 is
slightly higher than 500 Da due to the methyl and NO2 groups
(Table 1). In contrast, the remaining SIQs are acceptable
within the criteria of the physicochemical properties. Drug
bioavailability can be computationally evaluated via predictions
of lipophilicity (log P) and calculations of the topological polar
surface area (TPSA). Apart from SIQ20 and SIQ21, most of
the SIQs possess log P values in the range of −2 to 7 and
TPSA values lower than 140 Å2, indicating that the molecules
can be passively absorbed via the gastrointestinal tract. The
presence of the hydrophilic substituent NO2 restricts

Figure 1. Chemical structures of 23 sulfonylated indeno[1,2-c]quinolines (SIQs) used in this study were obtained from ref 18.
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permeation through the blood−brain barrier (BBB), as
observed in SIQ6 and SIQ13. Although some compounds lie
slightly outside of Lipinski’s rule of five, all were selected for
the experimental assay to confirm their EGFR inhibition
activity.
2.2. Inhibition of EGFR-TK by SIQs. First, the EGFR-TK

inhibitory activity of the 23 synthesized SIQs (Figure 1)18 and
erlotinib was measured at 1 μM to screen the potent SIQs. As
shown in Figure 2, only eight compounds�SIQ3, SIQ5, SIQ8,

SIQ10, SIQ11, SIQ12, SIQ17, and SIQ19�show higher
EGFR-TK inhibitory activity than erlotinib. Thus, the half-
maximal inhibitory concentration (IC50) values of these eight
SIQs were evaluated; six (SIQ3, SIQ5, SIQ8, SIQ12, SIQ17,
and SIQ19; IC50 values of ca. 0.6−10.2 nM) exhibit higher
EGFR-TK inhibitory activity than erlotinib, whereas SIQ10

(21.36 ± 5.74 nM) and SIQ11 (23.19 ± 8.76 nM) inhibit
EGFR-TK in the same range as erlotinib (Figure 3). Notably,
the EGFR-TK inhibitory activities of our compounds are
higher than those of previously reported compounds
containing quinoline (IC50 ranked from 0.003 to 10
μM),20,21 indicating that SIQs could be promising compounds
for the development of EGFR-TK inhibitors.
2.3. Cytotoxicity. The eight selected SIQs from the kinase

inhibition assay (Figure 3) were subjected to an in vitro
cytotoxicity assay against the EGFR-overexpressing cancer cell
lines A549 and A431. We found that the A549 cell line was
more vulnerable to SIQ3, SIQ5, SIQ8, SIQ12, and SIQ17,
whereas A431 was more susceptible to SIQ3, SIQ5, SIQ12,
and SIQ19 (Figure 4). The six SIQs sensitive to both cell lines
(SIQ3, SIQ5, SIQ8, SIQ12, SIQ17, and SIQ19) were selected
for the calculation of IC50 values (Table 2). The results
demonstrate that the cytotoxic effects of all of the selected
compounds (IC50 of 16.8−33.5 and 9.9−19.2 μM) are
somewhat similar to those of erlotinib (33.3 and 20.6 μM)
against A549 and A431 cells. The cytotoxicity of the SIQs
against A431 was higher than that against A549 due to (i) a
higher EGFR expression level found in the A431 cells,22 in
good agreement with previous studies,23,24 and (ii) the
presence of KRAS mutations in the A549 cells, which
constitutively activate downstream MAPK signaling pathways,
leading to a compensatory mechanism.25

2.4. Fragment Molecular Orbital Calculations for
Ligand−Protein Binding. Since SIQ17 shows the highest
EGFR-TK inhibitory activity (Figure 3), we further inves-
tigated the binding mechanism between this compound and
EGFR-TK using molecular docking followed by quantum
mechanical (QM)-based pair interaction energy (PIE)
calculations using the FMO-RIMP2/PCM method. The

Table 1. Predicted Physicochemical Properties and Drug-Likeness of SIQ Derivatives

compounds Lipinskia Mw
b nHAc nHDd log Pe TPSAf nRotg log Sh

SIQ1 accepted 447.13 3 0 6.231 39.07 3 −7.921
SIQ2 accepted 447.13 3 0 6.231 39.07 3 −7.921
SIQ3 accepted 477.14 4 0 6.275 48.3 4 −8.073
SIQ4 rejected 525.04 3 0 6.778 39.07 3 −8.353
SIQ5 accepted 481.09 3 0 6.698 39.07 3 −8.256
SIQ6 accepted 492.11 6 0 6.150 82.21 4 −8.189
SIQ7 accepted 465.12 3 0 6.366 39.07 3 −8.038
SIQ8 accepted 475.16 3 0 6.757 39.07 3 −7.860
SIQ9 accepted 401.14 3 0 5.602 39.07 3 −7.529
SIQ10 accepted 475.16 3 0 6.858 39.07 3 −8.150
SIQ11 accepted 491.16 4 0 6.588 48.3 4 −8.174
SIQ12 accepted 495.11 3 0 6.993 39.07 3 −8.399
SIQ13 rejected 506.13 6 0 6.462 82.21 4 −8.348
SIQ14 accepted 463.16 3 0 6.652 39.07 3 −8.002
SIQ15 accepted 477.18 3 0 6.887 39.07 3 −8.075
SIQ16 accepted 497.12 3 0 6.891 39.07 3 −8.135
SIQ17 accepted 477.18 3 0 6.859 39.07 3 −8.128
SIQ18 accepted 463.16 3 0 6.652 39.07 3 −8.002
SIQ19 accepted 477.18 3 0 6.949 39.07 3 −8.100
SIQ20 rejected 541.07 3 0 7.123 39.07 3 −8.477
SIQ21 accepted 497.12 3 0 7.069 39.07 3 −8.376
SIQ22 accepted 481.15 3 0 6.728 39.07 3 −8.167
SIQ23 accepted 477.18 3 0 6.953 39.07 3 −8.078

aLipinski = Lipinski’s rule of five. bMW = molecular weight (Da): ≤500. cnHA = number of hydrogen-bond acceptors: ≤10. dnHD = number of
hydrogen-bond donors: ≤5. elog P = log of octanol-to-water partition coefficient: ≤5. fTPSA = topological polar surface area (Å2): ≤140. gnRot =
number of rotatable bonds: ≤10. hlog S = log of aqueous solubility (mol/L): −6 to 0.

Figure 2. Kinase inhibitory activity screening of 23 SIQs toward
EGFR-TK at 1 μM. The data are presented as the mean ± standard
error of the mean (SEM) from duplicate independent experiments (n
= 2).
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energy components of the PIE decomposition analysis
(PIEDA) and the total PIE are illustrated in Figure 5 as a
stacked bar graph and a grid spectrum, respectively. The PIE
results reveal five components of the electronic properties of
each interacting residue. The electrostatic (EijES) and charge
transfer and mix (EijCT+mix) terms are related to the salt-bridge,
hydrogen-bond, and polar interactions. The dispersion (EijDI)
term represents hydrophobic interactions, while the exchange-
repulsion (EijEX) term involves the steric repulsion between
electrons and the interacting atoms. The solvation free energy
contribution is also considered using the polarizable
continuum model (PCM; GSol

PCM). A computational study
revealed the orientation of SIQ17, where the dimethyl
indenoquinoline moiety is inserted deep within the ATP-

binding pocket of EGFR while the toluene group is pointed
outward (Figure 5). SIQ17 is trapped in this pocket via several
interactions. The QM-FMO method was used to gain insights
into the interaction, leading to the detection of three important
residues residing in the ATP-binding pocket�L718 (P-loop),
E762 (A-loop), and T854 (located close to the activation loop;
A-loop)�that contribute to the binding of SIQ17 (PIE <
−5.00 kcal/mol). SIQ17 mainly interacts with L718 and E762
via hydrophobic (EijDI) and hydrogen bonding (EijES + EijCT+mix)
interactions, while GSol

PCM forms the major energy contribution
between SIQ17 and T854. The core structure of SIQ17 is
stabilized by E762 and T854, similar to the case for erlotinib.26

Additionally, the dimethyl indenoquinoline moiety forms a
cation−π interaction with K745, which has been reported as an

Figure 3. Kinase inhibitory activity of eight screened SIQs toward EGFR-TK. The data are presented as the mean ± SEM from triplicate
independent experiments.
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important residue of EGFR.27 The binding geometries of
SIQ17 in the ATP-binding site reveal that its sulfonyl group is
mainly stabilized by the conserved residue C797 via weak
hydrogen bonding (see two-dimensional (2D) interaction in
Figure 5), and an additional residue, L718, partially contributes
to such binding via interactions with the sulfonyl group of
SIQ17 (Figure 5). The contributions from L718, E762, and
T854 residues have also been identified in previously reported
EGFR-TK inhibitors such as chalcones,28 anilino-1,4-naph-
thoquinones,29 pyrimido[4,5-b]indoles,30 and lycorine.31

2.5. Dynamics of SIQ17/EGFR Complex. To evaluate the
binding mechanism and stability of SIQ17 in complex with
EGFR-TK at the ATP-binding groove, we performed 500 ns
MD simulations in triplicate (the trajectories are included in
the Supporting Information). Although slight fluctuations of
the toluene moiety in SIQ17 result in steep changes in the
root-mean-square deviation (RMSD) plots early in the MD
simulations, SIQ17 remains in its position in the ATP-binding
region after rearrangement for up to 500 ns (Figure 6A), with
RMSD fluctuations within ∼0.5 Å. The radius of gyration (Rg)
of the Cα atoms in the protein structure was analyzed to
evaluate the system’s compactness. The average Rg values
gradually decrease and become stable after 400 ns. However,
SIQ17 shows a high and stable number of atom contacts with
the interacting residues in the ATP-binding pocket of EGFR-
TK within a 7 Å sphere around SIQ17 during this period
(Figure 7).
The conformational dynamics of the SIQ17/EGFR system

were analyzed in triplicate using principal component analysis
(PCA) and the MD trajectories from 400 to 500 ns. The
scatter plots of the 3D positional Cartesian coordinates of PC1
and PC2 show how the stability of the system changes in this
period (Figure 6B). Considering the covariance matrix of

atomic fluctuations, the distributions of the structural dynamics
among the three replications show a slightly different pattern
due to the dynamics of the toluene moiety of SIQ17 in the
third replication, where the protein motion shows better
structural dynamics in the ATP-binding pocket. The
fluctuations of the toluene moiety significantly affect the
binding pose of SIQ17 in the ATP-binding site; however,
neither the flipping-up nor flipping-down motion of toluene at
the hinge region significantly affects the system stability.
2.6. Binding Affinity and Hot-Spot Residues. MM/

PB(GB)SA is a computational method widely used to calculate
the binding free energy of a complex system32 using a
combination of molecular mechanics and continuum solvent
calculations. This method can be used to understand the
energetics of SIQ17/EGFR interactions, with the binding free
energy forming an important factor in drug design. The MD
snapshots extracted from the last 100 ns of the trajectories of
each system were used to perform the MM/PB(GB)SA
calculations. As expected, hydrophobic interactions lead to a
significant energetic contribution, as shown in the molecular
mechanics (EMM) terms, and, combined with the PB(GB)
solvation energy, lead SIQ17 to reside in the ATP-binding
pocket over the simulation time. However, the fluctuations of
the toluene moiety in the third replication slightly affect the
entropic terms (Table 3).

To further evaluate the key binding residues interacting with
SIQ17, energy decomposition (ΔGresidue

bind ) analysis can be used
to help elucidate the binding mode and mechanism of SIQ17
with regard to amino acids in the ATP-binding pocket. It can
also confirm the stability of SIQ17 during the MD simulations
by considering reasonable ΔGresidue

bind values from the important
residues, such as L718, T854, and E762, in the initial structure
of SIQ17/EGFR. Most of the considered key residues are
identified in all replications, except for F723, G796, L792,
C797, R841, and T854, which was caused by the different
binding patterns of the toluene moiety in SIQ17. The flipped-
up toluene configuration in the third replication results in an
increased ΔGresidue

bind for F723 and a decreased value for L718.
Moreover, the rearrangement of SIQ17 in this system
enhances the interaction between the sulfonyl group and
V726 via electrostatic and van der Waals forces. Overall, this
finding could explain the structural factors supporting the in
vitro EGFR inhibitory activity of the screened SIQ17.

3. CONCLUSIONS
This work combined experimental and computational
techniques to identify novel potent EGFR inhibitors based
on SIQ derivatives containing a quinoline core structure. First,
the inhibitory activities of the 23 SIQ analogs against EGFR-
TK were experimentally tested; eight compounds were found
to inhibit EGFR-TK activity better than the approved drug
erlotinib. From a cell-based assay in human cancer cell lines
with EGFR overexpression (A549 and A431 cells), all eight
compounds showed greater cytotoxicity against A431 than
A549 cells, in accordance with a higher expression of EGFR in
the former. Molecular docking and FMO-RIMP2/PCM
calculations revealed that SIQ17 occupies the ATP-binding
site, where its sulfonyl group is mainly stabilized by C797,
L718, and E762 residues. Triplicate 500 ns MD simulations
also confirmed the binding strength and dynamics of SIQ17 in
complex with EGFR, where the core structure is maintained
tightly in the ATP-binding site, in good agreement with the
experimental study. SIQ17 could be further optimized and

Figure 4. Cell viability of the A549 and A431 cell lines treated with
SIQs and erlotinib at 10 μM for 72 h. The data are presented as the
mean ± SEM (n = 3)�*p ≤ 0.05 and ****p ≤ 0.0001 versus
erlotinib for A549, and #p ≤ 0.05 and ####p ≤ 0.0001 versus erlotinib
for A431.

Table 2. IC50 Values of SIQs against Cancer Cell Lines
A549, A431, and Vero

IC50 (μM)

compounds A549 A431 Vero

SIQ3 33.54 ± 0.47 17.67 ± 0.35 >100
SIQ5 16.84 ± 0.41 9.93 ± 0.45 8.06 ± 0.15
SIQ8 27.23 ± 0.71 14.10 ± 0.73 21.74 ± 0.50
SIQ12 23.25 ± 0.42 13.10 ± 0.50 7.25 ± 0.12
SIQ17 32.98 ± 0.59 19.17 ± 0.97 >100
SIQ19 29.31 ± 0.44 11.90 ± 0.41 5.88 ± 0.33
erlotinib 33.28 ± 1.88 20.57 ± 5.43 35.02 ± 1.35
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tested in an animal model for the development of novel
anticancer drug candidates targeting EGFR-TK.

4. MATERIALS AND METHODS
4.1. Physicochemical Property Prediction. The 2D

structure of 23 sulfonylated indeno[1,2-c]quinolines (SIQs)
was constructed in the simplified molecular-input line-entry
system (SMILES) format using Marvin version 21.17.0,
Chemaxon (https://www.chemaxon.com). In this study, the
physicochemical properties included Lipinski’s rule of five,
molecular weight (MW), number of hydrogen-bond acceptors
(nHA), number of hydrogen-bond donors (nHD), lipophilicity
prediction (log P), topological polar surface area (TPSA),
number of rotatable bonds (nRot), and solubility (log S),
which were calculated for the 23 SIQs using ADMETlab 2.0.19

4.2. Chemical Reagents and Cell Lines. The ADP-Glo
Kinase Assay kit was purchased from Promega (Wisconsin).
The investigated series of SIQ derivatives were provided by
Chutima Kuhakarn from the Department of Chemistry and
Center of Excellence for Innovation in Chemistry (PERCH-
CIC), Faculty of Science, Mahidol University.18 The lung
carcinoma A549 (ATCC CCL-185) and epidermoid carcino-
ma A431 (ATCC CRL-1555) cell lines were purchased from
the American Type Culture Collection (ATCC, Manassas,

VA). Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin (Pen-Strep), and
trypsin were purchased from Life Technologies (California). 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (Darmstadt, Germany).
4.3. Inhibition of EGFR-TK by Vinyl Sulfone Deriva-

tives. A series of SIQs were screened for their ability to inhibit
the tyrosine kinase activity of EGFR using the ADP-Glo Kinase
Assay, as previously reported.33,34 First, 8 μL of a buffer (40
mM Tris-HCl at pH 7.5, 20 mM MgCl2, and 0.1 mg/mL
bovine serum albumin) was added to a 384-well plate.
Subsequently, 5 μL of EGFR enzyme (1.25 ng/μL) and 2
μL of inhibitors were added, followed by 10 μL of a mixture of
5 μM ATP and 2.5 μM poly(Glu-Tyr); the plate was then
incubated for 1 h at room temperature. Next, 5 μL of the ADP-
Glo reagent was added, followed by incubation for 40 min.
Thereafter, 10 μL of the kinase detection reagent was added,
and the plate was incubated at room temperature for 30 min to
convert the ADP to ATP. The ATP was then detected by
measuring the luminescence using a microplate reader (Infinite
M200 microplate reader, Tecan, Man̈nedorf, Switzerland). All
assays were performed in triplicate. The relative inhibition (%)

Figure 5. Ligand orientation and interactions in the ATP-binding pocket of EGFR-TK, where the residues with PIE < −5 kcal/mol are colored
based on the spectrum bar and the total PIE. The energy components are illustrated in the grid diagram and stacked bar graph. The electrostatic
(EijES), charge transfer and mix (EijCT+mix), dispersion (EijDI), exchange-repulsion (EijEX), and PCM solvation (GSol

PCM) contributions are indicated in red,
yellow, purple, green, and blue, respectively.
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of the inhibitors was then calculated in comparison to the
control with no inhibitor, as shown in eq 1

=
[ ]

×

% relative inhibition
(positive negative) (sample negative)

(positive negative)

100 (1)

4.4. Cell Cultures. The A549, A431, and Vero cells were
grown completely in DMEM supplemented with 10% (v/v)
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. All
cells were maintained at 37 °C in a 5% (v/v) CO2, 95% (v/v)
air-humidified incubator.
4.5. Cytotoxicity in Cancer Cell Lines and Normal Cell

Lines. The in vitro cytotoxicity activity of SIQ derivatives
against the A549, A431, and Vero cell lines was evaluated using
the MTT assay. First, 100 μL of A549 (5000 cells/well), A431
(5000 cells/well), and Vero (4000 cells/well) cell suspensions
were seeded per well in a 96-well microplate and incubated at
37 °C overnight; the cells were then treated with different
concentrations of the SIQ compounds and the known drug
(erlotinib) and incubated for 72 h. Subsequently, the MTT
solution (5 mg/mL) was added to the A549, A431, and Vero
cells, and the plate was incubated at 37 °C for 3 h. The
medium was removed, and 50 μL of DMSO was added to each
well to lyse the cells. Finally, the absorbance was measured at

570 nm using a microplate reader (Infinite M200 microplate
reader, Tecan, Man̈nedorf, Switzerland).
4.6. Statistical Analysis. The data are presented as the

mean ± standard error of the mean (SEM). The differences
between groups were compared using a one-way ANOVA,
followed by Tukey’s test for multiple comparisons. The
differences in the means were determined at a significance
level of P ≤ 0.05.
4.7. Molecular Docking and Fragment Molecular

Orbital Method. Molecular docking was used to construct
the initial structures for the ab initio QM-based interaction
energy calculations using the FMO method. The crystal
structure of EGFR complexed with erlotinib (PDB ID:
1M17)35 was retrieved from the Protein Data Bank (PDB).
The 3D structure of SIQ17 was generated using GaussView
5.36 SIQ17 was then optimized using the Gaussian 09 program
with the HF/6-31d basis set, as previously reported.37−39 The
protonation state of SIQ17 was characterized using the pKa
calculation implemented in Marvin version 21.17.0, Chemaxon
(https://www.chemaxon.com). The binding site of erlotinib in
the EGFR crystal structure was defined as a docking sphere (15
Å) for molecular docking using the CDOCKER program40

with 100 independent runs. The binding mode between EGFR
and SIQ17 was visualized using Accelrys Discovery Studio 3.0
(Accelrys, Inc.) and the UCSF Chimera package.41 The
complex of each system with the lowest CDOCKER

Figure 6. (A) RMSD, radius of gyration (Rg), and number of atom contacts (#atom contact) for SIQ17 in complex with the ATP-binding site of
EGFR plotted as a function of the simulation time. (B) (Top) Two-dimensional projection of the PC1 and PC2 modes for the SIQ17/EGFR
complexes analyzed in the last 100 ns of the MD trajectories. (Bottom) Comparison of the protein dynamics from the three replications (light gray,
gray, and dim gray) along the PC1 and PC2 eigenvectors using porcupine plots, represented by the blue arrows.
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interaction energy was selected as the initial structure for FMO
calculations.
The PIE of the consensus residues of EGFR within a 7 Å

radius of SIQ17 was determined by calculating the electronic
energy components�electrostatic interaction (EijES), charge
transfer with higher-order mixed term energies (EijCT+mix),
dispersion interaction (EijDI), and exchange-repulsion energy
(EijEX)�between each pair of the fragment (i and j). This was
done by using the resolution-of-the-identity second-order
Møller−Plesset perturbation theory (RIMP2) combined with
the PCM (GSol

PCM) to describe the solvation effects, as given in
eq 2, which was implemented in the GAMESS software42−47

= + + + ++E E E E GPIE ij ij ij ij Sol
ES CT mix DI EX PCM

(2)

4.8. Molecular Dynamics Simulations. To evaluate the
structural dynamics of the SIQ17/EGFR complex, the docked
structure was used to perform the MD simulations using the
AMBER20 package. The complex structure was prepared and
placed in a periodic box using the TIP3P water model with a
spacing distance of 15 Å from the EGFR surface, using the
tleap module of AmberTools21. The system was neutralized by
adding ions and then minimized and structurally relaxed using
harmonic potentials, according to the standard protocols used
in previous studies. The system was simulated for 500 ns in
triplicate, and the system stability was represented by the
changes in the RMSD, Rg, and number of atom contacts during
the simulation. MD snapshots extracted from the last 100 ns of
the trajectories of each system were analyzed with PCA and
binding free energy calculations using the program CPPTRAJ
and MMPBSA.py in AMBER20. MD trajectories were attached
to Supporting Information.
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Figure 7. Interaction energy profile of the SIQ17/EGFR complexes (analyzed in triplicate) calculated via per-residue free energy decomposition
analysis based on the MM/GBSA method using 100 snapshots extracted from the last 100 ns of the simulations. The interacting residues in the
plots and three-dimensional (3D) structures with energy contributions ≤ −1 kcal/mol are labeled and colored according to their contributions.

Table 3. MM/PB(GB)SA-Calculated Binding Free Energy
and Energy Components (kcal/mol) for the Triplicate
Trajectories of SIQ17 Binding to EGFR at the ATP-Binding
Site

Rep 1 Rep 2 Rep 3

ΔEvdW −51.41 ± 0.33 −53.25 ± 0.27 −52.07 ± 0.28
ΔEele −10.58 ± 0.45 −3.53 ± 0.23 −18.66 ± 0.40
ΔEMM −61.70 ± 0.63 −56.78 ± 0.37 −70.73 ± 0.52
−TΔS 20.53 ± 3.40 22.68 ± 3.19 24.66 ± 1.69
ΔGSol

PB/ele 37.53 ± 0.60 27.98 ± 0.34 43.97 ± 0.50
ΔGSol

PB/nonpolar −7.60 ± 0.03 −7.72 ± 0.02 −7.24 ± 0.02
ΔGSol

PB 29.93 ± 0.58 20.26 ± 0.33 36.74 ± 0.49
ΔGTotal

MM/PBSA −32.07 ± 0.33 −36.52 ± 0.28 −34.00 ± 0.36
ΔGBind

MM/PBSA −11.54 ± 1.54 −13.84 ± 1.30 −9.33 ± 0.90
ΔGSol

GB/ele 30.97 ± 0.51 24.52 ± 0.25 38.05 ± 0.43
ΔGSol

GB/nonpolar −4.54 ± 0.03 −4.67 ± 0.02 −4.64 ± 0.02
ΔGSol

GB 26.44 ± 0.50 19.85 ± 0.24 33.41 ± 0.42
ΔGTotal

MM/GBSA −35.55 ± 0.30 −36.93 ± 0.28 −37.32 ± 0.29
ΔGBind

MM/GBSA −15.03 ± 1.51 −14.25 ± 1.27 −12.66 ± 0.88
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