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Pharmacophore-Based Modeling, Synthesis, and Biological
Evaluation of Novel Quinazoline/Quinoline Derivatives:
Discovery of EGFR Inhibitors with Low Nanomolar Activity

Asaf Evrim Evren,* Begiim Nurpelin Saglik Ozkan, Giilsen Akalin-Ciftci, and Leyla Yurttas

1. Introduction

The main aim of this study is to obtain novel molecules that are more selective

on cancer cells compared to healthy cells. For this purpose, four hit molecules
are identified using 11 new pharmacophore hypotheses followed by scanning
the in-house database. Then, based on those hit molecules, the synthesis and
analysis of four different series (three quinazolines and one quinoline series)
are carried out, and their anticancer activity is investigated. Finally, by using
molecular docking and dynamics simulation methods, binding mode and
structure—activity relationship are examined. Among the quinazolin-4(3H)-one
derivatives, those containing halogen atom are found to be potentially
effective, while the best epidermal growth factor receptor (EGFR) inhibition
and apoptosis induction are displayed by compounds containing
4-amino-1,2,4-triazole moiety. Notably, four compounds (4h, 8d, 8l, and 8m)
show EGFR inhibition activity at 5.298 + 0.164, 5.46 + 0.221, 2.670 + 0.124,
and 2.191 + 0.908 x 10~? M, their inhibitory activity is similar to or stronger
than gefitinib (1Cyy: 4.169 + 0.156 X 10~° m). In addition, EGFR inhibitor
concentration of 4g, 8e, and 8o is determined as 27588 + 6.945, 52.41 +
2.312, and 33657 + 8.512 X 10~° M. These findings indicate that generated
pharmacophore hypotheses successfully determine new EGFR inhibitors. In
conclusion, four novel compounds, more active than gefitinib with fewer side
effects, are reached, and the structure-activity relationships are clarified.
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Cancer, described simply as the uncon-
trolled proliferation of cells, is a name
given to a very wide family of diseases
that can affect a wide variety of organs
and tissues individually or together.!
The treatment varies according to dy-
namic protocols, considering the type of
cancer, and patient-specific personal char-
acteristics such as age and gender. The
treatment options are currently grouped
under four classes. These are surgical,?]
radiotherapy,’]  chemotherapy*l  and
immunotherapy;®! however, two or more
approaches can be applied together or
sequentially during treatment.’] In re-
cent years, the rapid increase in lung
cancer cases and related mortality rates has
been a serious warning for the world.[®-1]
In addition, the deterioration of treat-
ment efficacy because of resistance to
conventional chemotherapeutics! ']
resulted in an urgent need for the devel-
opment of alternative novel therapies.'¢!
Thus, the aims of this study are to obtain
compounds with selective cytotoxicity on
cancer cells, figure out their mechanism of action, and reveal
their structure—effect relationships. For this purpose, the epider-
mal growth factor receptor (EGFR) was determined as the target
protein when the lung cancer cases were examined.

Receptor tyrosine kinases (RTKs), members of the tyrosine
kinases family, play an important role in the regulation of cell
growth, survival, and cell differentiation.['”] Overexpression has
been observed in a wide variety of human cancer cells, includ-
ing breast, ovarian, colon, and non-small lung cancers. Among
RTKs, EGFR, also named HER1, is an important drug target that
has been extensively studied.['¥1°] As one of four members of the
ErbB family, EGFR-tyrosine kinase has been confirmed as one
of the most effective targets for the treatment of non-small cell
lung cancer (NSCLC).I222] So far, thousands of EGFR tyrosine
kinase inhibitors (EGFR-TKI) have been synthesized and evalu-
ated. The mechanism underlying EGFR inhibition is occupying
the ATP-binding site of tyrosine kinase (EGFR-TK), which pre-
vents small molecules from being autophosphorylated. This in-
hibits signal transduction, which in turn suppresses the growth
of tumor cells.?324] However, despite remarkable progress in the
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Figure 1. EGFR inhibitors.

clinical treatment of non-small cell lung cancer, the development
of drug resistance and dose toxicity greatly limit the persistence
of the therapeutic effect.[®] Therefore, the primary goal is that
the cytotoxic activity of the new developed molecule is selective
to cancer cells.

Upon examining the structure of the compounds that
have been developed for EGFR inhibition so far!? nitrogen-
containing ring compounds stand out, and drugs with rings
of pyridine/pyrimidine and their benzene condensed analogs,
quinoline/quinazoline, are prominent. Although condensed
pyrimidine ring systems with different cyclic structures are
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also observed, the quinazoline ring system stands out as the
most striking structure with the effect of its clinically used
analogs. Among them, gefitinib and erlotinib are known as first-
generation EGFR inhibitors while afatinib, neratinib, and da-
comitinib are known as second-generation EGFR inhibitors. All
EGFR inhibitors are shared in Figure 1.

In addition to that, the quinazoline ring has various pharma-
cological activities such as A,, adenosine receptor antagonist,!?’!
cytokine inhibition,?®! antibacterial,’?®) antifungal,3%3! anti-
inflammatory,32) antimycobacterial,!*} antiviral,®*] and anti-
cancer effect.[>#0]
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Table 2. Validation parameters of the suitable hypotheses.

HypoNo Phase Hypo Score EF1% BEDROC (a¢ =20) ROC AUAC RIE Hypo No Phase Hypo Score  EF1% BEDROC (@ =20) ROC AUAC RIE

YP YP YP yp
DHHRRR_1 1.03 48.64 0.867 086 092 1422  AAARR_4 1.21 44.48 0.953 096 096 1536
DHRRR_3 1.19 48.64 0.819 079 0.88 13.43  AAAARR.2 1.23 44.48 0.949 096 096 15.28
Note: D: Hydrogen bond donor, H: Hydrophobicity, R: Ring AAARR_S 1.20 44.48 0.942 056 096 15.18
AAARR_2 1.21 44.48 0.947 095 096 15.25
. . . . AAARR_3 1.20 44.48 0.940 095 096 15.15

In light of the above information, various hypotheses were

developed to screen in-house molecule bank which includes AMRRR3 1:20 4448 0-922 095 096 1485
designed quinazoline- and quinoline-based molecules. Hit AAARRS 117 44.48 0912 0.95 096 1469
molecules and their analogs were synthesized and analyzed. = AARRR-2 1.13 44.48 0.874 095 095 14.07
Their anticancer profiles were investigated through in vitro and ~ AARRR_1 1.09 44.48 0.831 094 094 1338

in silico approaches. Also their structure—activity relationship
(SAR) was clarified.

2. Results and Discussion

2.1. Pharmacophore Hypotheses Studies

Pharmacophore hypotheses were obtained by using two different
methods. The first method (Section 5.1.1) was created using both
clinically used EGFR (ErbB-1) inhibitors and anticancer drugs
(-tinib) that show their anticancer effect through different tyro-
sine kinase inhibition. The goal here is to exclude compounds
that do not interact with ErbB-1 even though they have tyrosine
kinase effects, or that may interact weakly. On the other hand,
the second method (Section 5.1.2) has collected compounds that
have either pyridine or pyrimidine nuclei that show EGFR in-
hibitory activity from all scientific literature. It is planned to apply
the pharmacophore hypotheses derived from these compounds
in the screening of in-house molecule banks. Lead compounds
were identified using the hypotheses derived from the two meth-
ods, and they were then synthesized along with their analogs.

2.1.1. Validation of the hypotheses

Multiple Drugs and One Protein:  Among 30 hypotheses that
were obtained utilizing drug molecules (first method), only two
hypotheses can be used for virtual screening due to the valida-
tion data. Confirmation data for these two hypotheses are given
in Table 1.

The hypotheses DHHRRR_1 and DHRRR_3 evolved out
of neratinib (quinoline) and gefitinib (quinazoline) as model
molecules, respectively. The 3D representations of the hypothe-
ses are shared in Figure 2.

Literature-Based EGFR Inhibitors and One Protein:  Among 30
hypotheses obtained using EGFR inhibitors (second method),
nine hypotheses can be used for virtual screening due to the val-
idation data. Confirmation data for these nine hypotheses are
given in Table 2. Also the 3D representations are given in Figure
3.

2.1.2. Screening of In-House Data Bank

Total 11 hypotheses were used to screen the in-house molecule
bank consisting of novel quinoline or quinazoline derivatives. In

Adv. Theory Simul. 2025, 8, 2400811 2400811 (3 of 22)

Note: A: Hydrogen bond acceptor, D: Hydrogen bond donor, H: Hydrophobicity, R:
Ring

Table 3. Number of in-house molecule data molecules that fit
pharmacophore-based hypotheses.

Hypothesis no. Reference molecule Number of hit

molecules
DHHRRR_1 Neratinib 15
DHRRR_3 Gefitinib 4
AAARR_4 ZINC000096933670 0
AAAARR_2 ZINC000096933693 20
AAARR_5 ZINC000096933693 2
AAARR_2 ZINC000096933669 1
AAARR_3 ZINC000096933670 2
AAARRR_3 ZINC000096933693 1
AAARR_6 ZINC000096933693 4
AARRR_2 ZINC000096933693 0
AARRR_1 ZINC000096933693 0

Note: A: Hydrogen bond acceptor, D: Hydrogen bond donor, H: Hydrophobicity, R:
Ring

this screening process, the matching criteria were set to at least
five features within the maximum tolerance area of 2.00 A for
each hypothesis. According to screening results, the reference
molecule and hypothesis codes are presented in Table 3, and also
3D superimposed of the compatible compounds in the data li-
brary is shared in Figure 4.

There is no hit molecule for hypotheses AAARR_4, AARRR_2,
and AARRR_1. On the contrary, there are 15 and 20 hit com-
pounds for hypotheses DHHRRR_1 and AAAARR_2 (Figure
4A,C), respectively. It was observed that these hit compounds
were selected due to the presence of N-amino triazole moiety
which fulfills the criteria of the two hypotheses; however, it
seems that the substituent effect is insignificant. Therefore,
two opposing questions were raised, is this moiety an essential
pharmacophore structure for candidate EGFR inhibitors, or
is it the result of a nonselective hypothesis due to the lack of
one or more properties? Depending on the calculated external
volume for both hypotheses and the presence of 4-amino-1,2,4-
triazole derivatives in other hypotheses, the answer for these
questions is that this 4-amino-1,2,4-triazole moiety is considered
a pharmacophore group. However, in future investigations, it
is recommended to either avoid using these two hypotheses
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Figure 2. 3D representation of hypotheses DHRRR_3 (top, gefitinib) and DHHRRR_1 (bottom, neratinib). *Blue bubbles represent external volume.

for screening libraries containing 4-amino-1,2,4-triazole and/or
its analogs and/or its bioisosteric structures or to use these
two hypotheses for a preliminary screening of large databanks.
Within the scope of this study, these two hypotheses’ models
were categorized as secondary since they are not distinctive for
4-amino-1,2,4-triazole derivatives. 3D representations of the hit
molecule(s) detected by other hypotheses are shown in Figure 4.
As a result, considering hit molecules, the synthesis of
(benzo)thiazoles or hydrazinocarbothioamide moieties at-
tached to N-(4-methoxyphenyl)triazole and 4-amino-1,2,4-
triazole structures which connected to the third position of
the quinazolin-4(3H)-one ring by a methylene bridge was
carried out. In addition, it was also decided to synthesize N-(4-
methoxyphenyl)triazole-thiazole derivatives connected by the
methyleneoxy bridge to the eighth position of quinoline. These
compounds meet the criteria in Section 5.1, and the detected
hits and their analogues were taken to the synthesis phase to
evaluate their anticancer activities as well as analyze the SARs.

Adv. Theory Simul. 2025, 8, 2400811 2400811 (4 of 22)

2.2. Chemistry

The lead molecules and their analogues (Tables 4 and 5) were syn-
thesized as described in Scheme 1. The analyzed spectra of the
final compounds are shared in Figure S1.1-S1.120, Supporting
Information).

According to 'H-NMR spectra, aromatic hydrogens of
molecules within series 4 and 8 were observed at 6.91-8.49 ppm
while aromatic hydrogens of molecules within series 13 were
at 7.42-8.87 ppm. For the common structure, hydrogens of the
CH, were observed at 4.78-5.25 ppm. In conclusion, 'H-NMR
data of all synthesized compounds were found to be compatible
with literature data.[*1=*]

According to *C-NMR spectra, identical peaks between deriva-
tives of the common quinazoline ring were examined and as-
signed for each carbon. The expected numbers of peaks were
obtained for the total carbon number of each compound. Since
compounds 4j, 8a, and 8l contain fluoro atom, the spectra of these
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85U8017 SUOWILWIOD BA 181D 3|l dde auy Ag peusenof a1e sejolie YO ‘8SN JO Sa|nJ o) Aeiq1T 8UUO /8|1 UO (SUORIPUOD-PUE-SWLBIAL0D" A3 |IM A eIq 1 jBul [UO//SdNL) SUOTIPUOD pUe SWwie 1 84} 88S *[5202/2T/20] uo AkeiqiTauliuo 481 ‘Ifecepa UAes X19|ig Ad TT8001202 SIPe/Z00T 0T/I0p/uoo 8| Im Alelqijpul U0 peoueApe//:Sdny wouy pepeojumod ‘T ‘6202 ‘06E0ETSZ


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

ADVANCED ADVANCED
SCIENCE NEWS EGRLANR

www.advancedsciencenews.com www.advtheorysimul.com

Figure 3. 3D representation of A) AAAARRR_2 (ZINC000096933693), B) AAARR_2 (ZINC000096933669), C) AAARR_4, D) AAARR_3
(ZINC000096933670), E) AAARR_4 (ZINC000096933670), F) AAARR_5 (ZINC000096933693), G) AAARRR_3 (ZINC000096933693), H) AARRR_1
(ZINC000096933693), and 1) AARRR_2 (ZINC000096933693). *The green area is used to show the angle formed by the three features, and the light red
dashed line is used to show the distance between the two features.

Table 4. Acylhydrazine-1-carbothioamide analogs (4a—4l and 11).

7

o
Z-m
Z
-
=
2
Z
=7
=u
T
o
/

N
Jd 0 # 1
N 4a-41
R R R
4a 4-Methoxyphenyl 4e 3-Methylphenyl 4i 2-Chlorophenyl
4b 3-Methoxyphenyl 4f 2-Methylphenyl 4j 4-Fluorophenyl
4c 2-Methoxyphenyl 4g 4-Chlorophenyl 4k Phenyl
4d 4-Methylphenyl 4h 3-Chlorophenyl 4] Ethyl

compounds were obtained as stated in the literature[*! with C—F  lected compounds (4h, 8h, 8s, and 13a) among each series were

bond cleavage, and those were observed in the carbons to which  analyzed to prove the purity of the compounds.

fluoro was attached and the carbons adjacent to this carbon. The

peaks of C=0 and C=S structures were at 167.06-172.03 and

180.87-182.22 ppm, respectively. The peaks of the carbonyl car-  2.3. Results and Discussion of Experimental Studies

bon of the acetamide group of the molecules within series 8 and

13 were observed at 166.52-172.34 ppm. As a result, it was con-  2.3.1. Cytotoxicity Results

cluded that the observed *C-NMR data of the synthesized com-

pounds were consistent with the expected values. The cytotoxic effects of the compounds were calculated as ICs,
HRMS spectra also prove that the target compounds were suc-  (um) based on the finding of 24 h in vitro studies. The results are

cessfully obtained. In addition, HPLC spectra for randomly se-  shared in Table 6. The IC;, value of cisplatin was calculated to
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Figure 4. Hit molecules of the 3D superimposed from the hypotheses. A) DHHRRR_1, B) DHRRR_3, C) AAAARR_2, D) AAARR_S, E) AAARR_2, F)
AAARR_3, G) AAARRR_3, and H) AAARRL_6. Blue bubbles represent the excluded volume. For clarity, the external volumes on the front surface have

been blurred.

be 27.33 + 6.81 X 10° m. Thus, compounds that are either more
active than cisplatin while do not show high cytotoxic effects on
the healthy cells or even less active than cisplatin while do not
show any cytotoxicity are 8d, 4h, 8b, 4g, 81, 8m, 8e, and 8o, in
descending order in terms of activity strength.

It is noteworthy that the most active derivatives of se-
ries 4 include para- (4g; 13.33 + 4.04 x 107° M) and meta-
chlorophenyl (4h; 4.90 + 0.66 X 10~° M) substitutions, whereas
ortho-chlorophenyl substituent decreased cytotoxicity more than
ten times. The highest activity among methoxyphenyl derivatives
was found at the ortho position (4¢; 86.67 + 7.64 X 107¢ m), while
the lowest activity was observed at the para position (4a; 201.00
+ 3.61 x 107° m). The opposite was observed for methylphenyl
derivatives, with the highest activity at the para position (4d; 81.67
+ 10.41 X 107 M) and the lowest activity at the ortho (4f; 181.67

Adv. Theory Simul. 2025, 8, 2400811 2400811 (6 of 22)

+ 22.55 X 107 M) position. The cytotoxic effect was reduced ten
times when the chloro atom at the para position was substituted
by the fluoro atom (4j; 136.67 + 41.93 x 107 M). When hydrogen
(4k; 186.67 + 12.58 X 107° M) was substituted instead of fluoro,
the cytotoxic efficiency was reduced even further. Finally, when
the aromatic ring was replaced with the ethyl group (41; 198.33 +
7.64 x 107 M), the cytotoxicity decreased, but this effect was not
as significant as others.

The cytotoxic effect of compound 5 (>250 X 107° m) that pro-
duced from compound 4a was determined to be negligible. How-
ever, the anticancer activity of compounds 8a-8k, which were syn-
thesized from compound 5, was shown to be highly cytotoxic
(8d, ICs,: 3.63 x 107° m). These findings point out that the cy-
clization process has a negative effect on the cytotoxic activity;
however, the combination with acetamide moiety increases again
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~ 9
NN HN-R N Y
jNv”\ \>‘S/\§o
N Q //§
) N O
0 R, \\ﬂ S
8a-8v N-N 13a-13d

R,* R, R R
8a 8l 6-Fluorobenzothiazol-2-yl 13a Thiazol-2-yl
8b 8m 6-Chlorobenzothiazol-2-yl 13b 4-Methyl-5-acetyl-thiazol-2-yl
8c 8n 6-Nitrobenzothiazol-2-yl 13c 4-Methyl-5-(ethoxy carbonyl)-thiazol-2-yl
8d 8o Benzothiazol-2-yl 13d 4-(Ethoxy acetyl)thiazol-2-yl
8e 8p 6-Methylbenzothiazol-2-yl
8f 8q 6-Methoxybenzothiazol-2-yl
8g 8r 6-Ethoxybenzothiazol-2-yl
8h 8s Thiazol-2-yl
8i 8t 4-Methyl-5-acetylthiazol-2-yl
8 8u 4-Methyl-5-(ethoxy carbonyl)-thiazol-2-yl
8k 8v 4-(Ethoxy acetyl)thiazol-2-yl

Note: R," for 8a-8k is 4-methoxyphenyl, and R,** for 81-8v is amino group.

the cytotoxicity. It is supposed that the effect was decreased due
to steric factors such as the restriction of access to heteroatoms
in the structure due to cyclization. In addition, the closure of
the ring along with the aromaticity increased the hydrophobic
effect and produced a decrease in the structure’s polarity, in-
dicating that physicochemical features play a role in the cyto-
toxicity of these analogs. Besides that, the presence of free het-
eroatoms in the molecules seems to be responsible for of the
increased cytotoxicity caused by the acetamide moiety. Among
analogs of 8a—8k, the most cytotoxic derivatives contain benzoth-
iazole (8d; 3.63 + 0.81 x 107° m), 6-chlorobenzothiazole (8b;
12.50 + 0.71 X 107 M), and 6-methylbenzothiazole (8e; 23.67
+ 6.66 X 107° M), respectively. Generally, benzothiazole deriva-
tives are more effective than thiazole derivatives (8h—8k). In fact,
nonsubstituted thiazole (8h); 4-methyl-5-acetyl thiazole (8i), and
4-ethoxyacetylthiazole (8k) did not show any cytotoxicity, while
4-methyl-5-ethoxycarbonylthiazole (8j; 103.33 + 2.89 x 107 m)
showed inhibitory effect against A549 cells. The remarkable point
here is that the cytotoxic activity of compound (8j) decreased
when the molecule was elongated by one carbon atom (8k) or
lost acidity (8i).

Compound 7 was not cytotoxic on A549 cells, similarly, its ana-
log, compound 5. However, the cytotoxic activity of 81-8v, derived
from compound 7, is significantly increased. The substitution ef-
fects on quinazolin-4(3H)-one can be explained by the decrease in
the acidity of the side chain when considering compounds 4a, 5,
7, and 8a—8v. However, the low anticancer effect of some deriva-
tives which include ester groups (8j, 8k, 8u, and 8v) point out that
the increase in acidity of molecule is not effective beyond a cer-
tain level.

Among the 8l-8v analogs, the most active derivatives
are 6-fluorobenzothiazole (81; 13.75 + 1.77 x 107¢ wm), 6-

chlorobenzothiazole (8m; 21.50 + 0.71 X 10~¢ m), and benzoth-

Adv. Theory Simul. 2025, 8, 2400811 2400811 (7 of 22)

iazole (80; 38.50 + 12.02 X 107 m), respectively. In fact, benzoth-
iazole derivatives (81-8r) are more active than thiazole deriva-
tives (8s—8v). Similar to N-(4-methoxyphenyl)triazole analogs,
the compound contains 4-methyl-5-ethoxycarbonylthiazole
(8u, 98.33 + 5.77 x 10° wm) is the only derivative
that shows cytotoxicity against AS549 cell line among
thiazoles.

Using N-(4-methoxyphenyl)triazole pattern, compound 12
which includes a quinoline ring was also obtained, and this struc-
ture was substituted with thiazol-2-ylacetamide derivatives (13a—
13d). When the quinazoline starting compound (5) and quinoline
starting compound (12, 178.33 + 42.53 X 107° M) were compared,
quinoline was more cytotoxic against A549 cells than its quina-
zoline analogue. On the other hand, 4,5-nonsubstituted- (13a),
and 5-acetyl-4-methyl (13b) thiazoles, which were obtained us-
ing compound 12, showed anticancer activity. Moreover, these
two compounds were 2.65 and 2.33 times more active than com-
pound 12, respectively. In contrast to that, ethyl ester analogs of
quinolines (13c and 13d) did not show any cytotoxic effect. Like
their quinazoline analogs, the difference in activity is clearly re-
lated to the decreasing acidity of the structure, which has a nega-
tive impact on their activity.

2.3.2. Apoptotic Effects

Annexin quadrants and their percentages are given in Figure 5
and Table 7. While the sum of the early and late apoptotic ef-
fects of cisplatin was calculated as 22.61%. The total apoptotic
percentages of compounds 4g, 4h, 8b, 8d, 8e, 81, 8m, and 8o were
31.08, 15.66, 77.68, 8.59, 6.66, 23.95, 15.17, and 14.03, respec-
tively. Briefly, compound 8b showed the highest apoptotic effect,
and had ~3.5 times higher apoptotic effect than cisplatin, while
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Scheme 1. Synthesis of the hit molecules and their analogs. A) Synthesis route of quinazoline derivatives, and B) synthesis route of quinoline derivatives.
Reaction conditions: a) HCONH,, oil bath/6 h or MW/15 min. b) BrCH,COOEt, Acetone, K,COj, reflux. c¢) N H4 H, O, rt overnight. d) R-NCS, dropping
at 0 °C, then stir at rt. ) EtONa at 0 °C, then reflux 2 h. f) CS,, EtONa, 0 °C, then reflux 2 h. g) N,H4-H,0, reﬂux 2 h. h) Aryl acetamide derivatives,

K;CO;3, acetone, rt.

compounds 4g and 8l induced apoptosis with a similar profile to
cisplatin.

2.3.3. Determination of the Mechanism of Action

After determining the apoptotic activity, the apoptosis-inducing
effect was investigated. Apoptosis, which is type-1 programmed
cell death, is known to occur through the activation of two main
pathways, the intrinsic pathway and the extrinsic pathway. The
intrinsic pathway, also referred to as the mitochondrial pathway,
initiates a cascade of events triggered by a death signal caused by
the mitochondria’s inability to produce ATP through glycolysis.

Adv. Theory Simul. 2025, 8, 2400811 2400811 (8 of 22)

This leads to the release of Cytochrome C and the formation of
the apoptosome, which combines with caspase-9 to form a new
complex. This complex subsequently activates the effector cas-
pase, caspase-3. On the other hand, the extrinsic pathway involves
the activation of caspase-8 through death receptors present on the
cell membrane surface, which also activates caspase-3. The acti-
vation of caspase-3 plays a crucial role in both the intrinsic and
extrinsic pathways, serving as a convergence point for inducing
apoptosis.[¢]

Caspase-3 Results: The caspase-3 activation results and their
quadrants are given in Table 8 and Figure 6, respectively.

The induction of caspase-3 by cisplatin was calculated to be
34.39%. The compounds were then ranked from the most to the
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Figure 5. Annexin quadrants™* of active compounds and standard drugs. *No active substance was used in the negative control. Cisplatin was used as
a positive control. Compounds with high anticancer activity and selectivity index were marked as active compounds. Each experiment was replicated for
four times, and at least 10* cells per sample were analyzed, and quadrant analysis was performed.

least effective as follows: 81, 8b, 8m, 80, 8¢, 8d, 4g, and 4h. In fact,
the induction values of 4g, 4h, 8d, and 8e were found to be less
effective compared to cisplatin. On the contrary, the activities of
compounds 81, 8b, and 8m were found to be more active than cis-
platin’s activity. In conclusion, compounds containing halogen
atoms, specifically chloro (8b and 8m), and fluoro (8l), exhibited
greater effectiveness. Based on this result, it can be suggested
that caspase-3 activation rises as lipophilicity increases.
Mitochondrial Membrane Depolarization: Figure 7 displays
the plots representing the results of the mitochondrial mem-
brane depolarization test while Table 9 provides the correspond-
ing percentage values. The mitochondrial membrane depolar-
ization value of cisplatin was 36.01%, while the values of 4g
(15.41%), 4h (14.48%), and 8e (28.96%) were lower than cis-
platin. On the other hand, compound 8b (75.30%) is 2.09 times,
compound 8d (61.62%) is 1.71 times, compound 81 (96.13%)
is 2.67 times, compound 8m (83.70%) is 2.32 times, and com-
pound 8o (75.30%) is 2.09 times more than cisplatin. Basically,
it caused mitochondrial dysfunction by inducing depolarization.
Although there are various mechanisms that can cause mito-
chondrial membrane depolarization,[*’] as mentioned in a previ-
ous mechanistic study,[*® it predominantly occurs in non-small

Adv. Theory Simul. 2025, 8, 2400811 2400811 (9 of 22)

cell lung cancer cells. Indeed, the fact that the design of com-
pounds was based on EGFR inhibition, and the observation of
such results highlighted the necessity to elucidate EGFR enzyme
mechanics both computationally and experimentally.

Evaluation of EGFR Inhibition: The ICy, values of EGFR inhi-
bition are presented in Table 10. The ICj, value of gefitinib (pos-
itive control) was determined as 4.169 + 0.156 x 107° M. The
most active ones were 4h (5.298 + 0.164 x 10~ m), 8d (5.46 +
0.221 x 10~ M), 81 (2.670 + 0.124 x 10~° M), and 8m (2.191 +
0.908 x 10~° m). These compounds share two common features.
First, they contain a quinazolin-4(3H)-one moiety. Second, they
possess halogen-substituted aromatic structures, except for com-
pound 8d.

2.4. Results of In Silico Studies

2.4.1. Evaluation of Molecular Docking and Dynamics Simulation of
Active Compounds-Caspase-3 Protein

The docking studies are displayed in Figure 8, and the inter-
actions are shared in Table 11. In a previous study,*! Arg64,
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Figure 6. Results of active compounds and standard drugs. *No active substance was used in the negative control. Cisplatin was used as a positive
control. Compounds with high anticancer activity and selectivity index were marked as active compounds. Each experiment was replicated for four times,
and at least 10* cells per sample were analyzed, and quadrant analysis was performed.

Ser120, His121, Gly122, Gln161, Cys163, Tyr204, Ser205, Ttp206,
Arg207, Asn208, Ser209, Ser249, and Phe250 amino acids were
identified as binding region residues.

According to the obtained results, 4-amino-1,2,4-triazole
analogs (81, 8m, and 8o) interacted with Arg64 (Asn52-Gly66
loop), Hie121, Gly122 (8-strand: Hie121-Glu123), Tyr204, Arg207
(Ser198-Ser213 loop), and Phe256 (Phe247-Pro263 loop) and ex-
hibited similar types of interactions with these residues. Inter-
estingly, among the N-(4-methoxyphenyl)triazole analogs, only
8b demonstrated an interaction with Arg207. It is proposed that
the main reason for this discrepancy is the orientation of the
bulky 4-methoxyphenyl group to the Phe250 amino acid as com-
pound 8b was far away from Arg64, leading to the loss of the
interaction compared to its analogs. In contrast, while 4-amino-
1,2,4-triazole derivatives can form one or two hydrogen bonds
with Arg207, compound 8b exhibited additional interactions in-
cluding ionic, hydrophobic, and aromatic hydrogen bonds. Fur-
thermore, compound 8b forms aromatic H-bonds with Ser120,
Trp206, and Trp214 residues. Compounds 8m and 8o form H-

Adv. Theory Simul. 2025, 8, 2400811 2400811 (10 of 22)

bond with Glu123 and Ser205. It was determined that 8l inter-
acts with GIn161 (8-strand: Leul57-GIn161) and Cys163. Con-
sidering all these interactions within the binding site, and de-
spite the slight variation in the localization of compound 8b, it
is proposed that it exhibits the similar activation effect due to its
interaction with the same loop residues. Furthermore, all four
compounds form bonds with nearby residues outside the binding
site, especially with various loop amino acids. These interactions
contribute to the stabilization of the ligand—protein complex, ulti-
mately imparting rigidity to the enzyme structure. In conclusion,
this docking study has confirmed that all four compounds have
strong interactions with the Ser198—Ser213 loop region, which is
reported to have a key role in caspase-3 allosteric activation. Since
the acetamide structures of compounds interact with these loop
amino acids, it can be defined as a pharmacophore core.

Unlike the other three analogs, compound 8l exhibits higher
activity due to the formation of a salt bridge in addition to H-
bonds with Arg64 and GIn161, as it was hypothesized. Moreover,
4-amino-1,2,4-triazole derivatives have an amine group instead
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Figure 7. Quadrants of mitochondrial membrane polarization and depolarization of active and standard compounds. *Mitochondrial membrane polar-

ization and depolarization was determined using A549 cells.

of a phenyl, which enhance the molecule’s rotability, enabling it
to adapt into the gap between Arg64 and Arg207. The stability of
this gab is based on the formation of H-bonds with these residues
(Figure 8C).

As a result, the experimental results of the compounds are
consistent with the docking study, providing an explanation for
the binding mode and structure—activity relationship on the
caspase-3 enzyme. In addition, MDS study was conducted by
using compound 81 as a reference, this study aimed to investigate
the effects of time and environmental changes, such as the pres-
ence of water and various ions, on the compound. MDS results
are presented in Figure 9, where panels (A) to (C) display the
stability values of the complex, and panels (D) to (F) demonstrate
the interactions. As descripted in previous studies,’®5! the
stability plots showed that the RMSD values remain within the
range of 1-3 A after 0.2 ns, with a maximum peak observed at
2.64 A ataround 7.60 ns. Furthermore, the Rg values exhibit min-
imal fluctuation, and the peaks of rigid regions were calculated
between 0.36 and 0.93 A. So, it can be concluded that the stability
of the complex was maintained throughout the entire simulation
time.

According to Video S1 (Supporting Information) and
Figure 9D-F, the interaction analysis revealed the presence
of various types of interactions between compound 81 and the

Adv. Theory Simul. 2025, 8, 2400811 2400811 (11 of 22)

caspase-3 enzyme. These interactions included conventional
hydrogen bonds, water-mediated hydrogen bonds, hydrophobic
interactions (such as z—r stacking and z—cation interactions),
and an ionic interaction (salt bridge). Conventional hydrogen
bonds were observed with Arg64, GIn161, Cysl163, Ser205,
Trp206, and Arg207 while water-mediated H-bonds were with
Thr62, Arg64, Ser120, His121, Glnl61, Tyr204, Ser205, Trp206,
Arg207, Asn208, Ser249, Phe250, Ser120, and Phe251. Hy-
drophobic interactions were observed with Met61, His121,
Tyr204, Trp206, and Phe256 residues. Finally, the salt bridge
was formed only with Arg64. Among all these interactions, the
most significant ones were with Arg64, Cys163, Ser205, and
Arg207 due to their consistent presence. However, in terms of
interaction strengths, the following order was observed; H-bond
between Arg207 and acetamide oxygen (143%), H-bond between
Cys163 and benzimidazole nitrogen (99%), H-bond between
Ser205 and hydrogen of 4-amino-1,2,4-triazole nitrogen (99%),
water-mediated H-bond between Arg64 and acetamide nitrogen
(69%), H-bond between Trp206 and quinazoline nitrogen (Nj)
(63%), water-mediated H-bond between Ser120 and acetamide
nitrogen (61%), Arg207 and hydrogen of 4-amino-1,2,4-triazole
nitrogen (53%), salt bridge between Arg64 and acetamide
nitrogen (50%), water-mediated H-bond between Arg64 and
acetamide nitrogen (42%), 7—n stacking between Phe256 and
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Figure 8. 2D- and 3D-docking poses of active compounds on caspase-3 (PDBID: 4QTX). Box A: 8l; Box B: 8m; Box C: Superimposed of all actives; C
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Surface area of enzyme colored by electrostatic properties; Cpoom: Enzyme quaternary structure; Box D: 8o; Box E: 8b.

the quinazoline ring (42%), 7—= stacking between His121 and
benzothiazole ring (40%), =—r stacking between Tyr204 and
the quinazoline ring (36%), and water-mediated H-bond (20%)
between Arg207 and the triazole nitrogen (N,). Based on above
findings, the following statements are suggested:

® H-bonds with 204-209 loop region were formed with ac-
etamide residue, thus it is an important caspase-3 pharma-
cophore structure.

e The incorporation of pharmacophore structure, acetamide,
along with a nonbulky triazole and a benzothiazole moiety,
which enhance the lipophilicity, has a beneficial impact on the
allosteric effect mediated by His121, Gln161, Cys163, Trp206,
and Arg207.

® Finally, the exposure of the quinazolin-4(3H)-one moiety to
the solvent environment promotes stability, and its z-7 stack-
ing with Phe256 contributes to this stabilization effect while
benzothiazole ring plays a significant role in inducing caspase
through continuous H-bond formation with Cys163.

Based on the information provided, one of the potential struc-
tural modifications for caspase-3 activation is the changes on
the quinazolin-4(3H)-one structure that can interact with the sol-
vent. one suggestion is to introduce acylation at the sixth and
seventh positions. Another one is to incorporate polar but non-
aromatic structures that can serve as hydrogen bond acceptors
with straight heteroatom chains (such as ether group). On the

Adv. Theory Simul. 2025, 8, 2400811 2400811 (12 of 22)

other hand, the 4-amino-1,2,4-triazole structure should be un-
changed as it is considered an optimum structure for the de-
sired activity. Regarding the modifications in the benzothiazole
ring, it is recommended to prioritize solubility properties rather
than focusing solely on binding interactions with amino acids.
This ensures that the modified compounds have favorable solu-
bility characteristics, which can contribute to their overall effec-
tiveness.

2.4.2. Evaluation of Molecular Docking and Dynamics Simulation of
Active Compounds-EGFR Protein

In Figure 10 and Table 12, the results of molecular docking study
were presented for active compounds that exhibited potency un-
der 10 x 10~ M in experimental studies.

According to the literature,®?) the hinge region (seq. 791-796)
has been identified such as intersection between N and C tail,
hence, it plays a major role in the inhibitory activity. EGFR in-
hibitors, such as gefitinib located in this region, and form a hy-
drogen bond with the backbone nitrogen of Met793. Typically,
there is one hydrogen bond formed. In addition, the hydropho-
bic side pocket, known as the ATP binding site, is surrounded
by the side chain of amino acids such as Lys745, Leu788, and
Thr790, and it has been observed that the hydrophobic parts of
EGFR inhibitors, such as aniline-based compounds, can fit into
this pocket.
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Figure 9. MDS plots of 8l-Caspase-3 complex. A) Changes of physicochemical parameters (RMSD, Rg, intra-H bond, MolSA, SASA ve PSA) of 8l during
simulation time; B) plot of RMSF—amino acid indexing; C) RMSD-time plot; D) plot of total interaction—amino acid fraction versus time; E) histogram
of interaction type and interaction fraction; and F) bond strengths (cutoff = 20%).

In this study, it was found that the active compounds exhibit
common interactions with Lys745, Arg841, and Asp855. Further-
more, these compounds show similar binding patterns with the
hinge amino acids GIn791 and Met793, except for compound 8d.
Due to the side chain, 4-(4-methoxyphenyl)triazole of compound
8d exhibits a different orientation in the ATP region. As a result,
the quinazolin-4(3H)-one moiety of compound 8d could not ap-
proach the Met793 amino acid at the right angle, leading to the
formation of a H-bond only with Cys797, which is also the hinge
region amino acids. In addition, it was observed that only com-
pound 4h interacts with Thr854, while compound 8m forms aro-
matic H-bond specifically with the amino acid Ser720, which is a
member of the phosphate binding (P loop) domain.

It was found that the two most active compounds (81 and
8m) exhibit very similar binding positions. Although there was a
slight shift because of fluoro/chloro difference, they display com-
parable interactions in the ATP-binding region and hinge region.
This localization is similar to the positioning of the side chain ob-
served in EGFR-TK inhibitors, -tinibs (such as the morpholino-

Adv. Theory Simul. 2025, 8, 2400811 2400811 (13 of 22)

propoxy group in gefitinib). Basically, these compounds extend
outward from the receptor, allowing for the interaction with the
solvent region.

In conclusion, EGFR inhibition leads to mitochondrial mem-
brane depolarization and activation of caspase-3 pathway, which
is particularly significant in the case of non-small cell lung cancer
metastasis cases.[*¥] Allin vitro and in silico studies conducted for
mechanistic purposes up to now are in harmony and the behavior
of compounds against proteins at the molecular level has been ex-
plained also by in silico studies. In addition to all these, consider-
ing the ICy, and apoptosis inductions obtained with the MTT re-
sults, compound 81 was identified as the most potent compound.
Therefore, to further understand the structure—activity relation-
ship, molecular dynamics simulation was performed by model-
ing compound 8L

The MDS results are shown in Figure 11 for the compound
81-EGFR complex. When the stability indicators of this complex
(Figure 11A—C) are examined, the Rg, RMSD, and RMSF values
are appropriate as stated in Section 2.4.1. This indicates that the
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Figure 10. 2D- and 3D-docking poses on EGFR protein (PDBID: 2ITY). A
did not represent active pocket of the protein.

complex remains stable throughout the simulation period. Ex-
amining Video S2 (Supporting Information) and the graphs in
Figure 11D-F, the most stable interactions were direct H-bonds
with Lys745, Met793, Thr854, and Asp855, water-mediated H-
bonds with Lys745 and Thr790, and z—cation interaction with
Arg841. Although there is a temporary disruption in the inter-
action with Lys745 between 55 and 60 ns, after 60 ns.
Consistent with the results of molecular docking, the position-
ing of the 8I-EGFR system is similar to the EGFR inhibitor drugs.
The stability of the complex was supported by environmental fac-

Adv. Theory Simul. 2025, 8, 2400811 2400811 (14 of 22)

) 4h, B) 8d, C) 8m, and D) 8l. The curves used for separating the compounds

tors and even an increase in the strength through water-mediated
interaction. Occasionally, intramolecular hydrogen bonding has
been observed between the oxygen of quinazolin-4(3H)-one and
the hydrogen of the N-amine group of the triazole. Although the
frequency of this interaction is low, it is suggested to be crucial
for these two rings to keep their relative positions with respect to
the protein.

H-bonding with Lys745 (ATP binding site) is considered to play
a significant role in the activity of the compound. This interac-
tion is observed via water-mediated H-bond, direct H-bond, and
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Figure 11. MDS results of compound 8|-EGFR complex. A) Changes of physicochemical parameters (RMSD, Rg, intra-H bond, MolSA, SASA ve PSA)
of 8l during simulation time; B) plot of RMSF—amino acid indexing; C) RMSD-time plot; D) plot of total interaction—amino acid fraction versus time; E)
histogram of interaction type and interaction fraction; and F) bond strengths (cutoff = 20%).

hydrophobic interactions. Like the findings in the docking study,
it is an evident that the quinazoline ring and benzothiazole ring
located well and kept their position at the hinge region (Gln791
and Met793) and ATP binding site (Lys745). In addition to that,
these findings suggest that the acetamide group also supports in-
hibition activity allosterically via interactions between Asp855 (al-
losteric region residue, the entrance of the ATP binding cleft) and
nitrogen of acetamide. Based on our docking study and observa-
tions, the presence of halogen atoms in the benzothiazole moiety
of the compounds contributes to their inhibitor activity since the
benzothiazole is exposed to solvent exposure, but it also helped to
moderate the stability of the complex by interacting with organic
(such as phospholipids) and inorganic substances (such as water,
sodium, chloro, etc., electrolytes) in the solvent environment. In
line with this, structural modifications that involve replacing the
halogen atom, such as fluor atom, with long-chain polar struc-

Adv. Theory Simul. 2025, 8, 2400811 2400811 (15 of 22)

tures (e.g., morpholinopropyloxy as in gefitinib), have potential
to increase inhibitor activity. These modifications can further op-
timize the interactions with the solvent environment, potentially
leading to enhanced potency and efficacy of the inhibitor.

When the analogs of compound 4 were examined, it has found
that the aromatic structures linked to the polar chain were effec-
tive when they have a hydrogen or halogen atom. Moreover, opti-
mum activity was obtained with chloro substitution. In fact, the
presence of chloro in the meta position of the phenyl ring has a
higher anticancer and EGFR inhibition effect than the para posi-
tion. When the analogs of 8 were examined, it was observed that
an azole ring with at least two nitrogen atoms in the center with-
out steric hindrance is essential. Also, an aromatic ring bonded
with sp* atoms from the opposite positions of this central ring
increases anticancer activity. Besides that, the bicyclic aromatic
ring attached to the sp?® carbon atom should be a quinazoline ring.
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Table 7. Apoptotic rates of the synthesized compounds.

Compound A549 SD L929 SD Sl Compound Q1 Q2 Q3 Q4 Q2+Q4
4a 201.00 3.61 >250.00 - >1.24 Control 0.01 2.17 91.24 6.59 8.76
4b 126.67 2.89 >250.00 - >1.97 4g 0.14 10.12 68.78 20.96 31.08
4c 86.67 7.64 >250.00 - >2.89 4h 0.17 6.13 84.17 9.53 15.66
4d 81.67 10.41 >250.00 - >3.06 8b 0.16 63.82 22.16 13.86 77.68
4e 88.33 7.64 >250.00 - >2.83 8d 0.10 4.54 91.31 4.05 8.59
4f 181.67 22.55 >250.00 - >1.38 8e 0.01 2.14 93.33 4.52 6.66
4g 13.33 4.04 >250.00 - >18.76 8l 0.00 8.26 76.05 15.69 23.95
4h 4.90 0.66 >250.00 - >51.02 8m 0.05 8.53 84.78 6.64 15.17
4i 133.33 32.16 >250.00 - >1.88 8o 0.06 7.52 85.91 6.51 14.03
4j 136.67 41.93 >250.00 - >1.83 Cisplatin 0.10 10.45 78.29 11.16 22.61
4k 186.67 12.58 >250.00 - >1.34 Note: Q1: Necrotic cells, Q2: Late apoptotic cells, Q3: Viable cells, Q4: Early apoptotic
4 198.33 7.64 >250.00 - >1.26 cells, Q2+Q4: Early and late apoptotic cells. A549 cells were used in this test.
5 >250.00 - >250.00 - - ) )

Table 8. Inducing rate of the active compounds on caspase-3 enzyme.
8a 79.00 7.94 65.33 8.39 0.83
8b 12.50 0.71 216.67 62.12 17.33 Compound +% —% Compound +% —%
8c >250.00 - >250.00 - -

Control 1.68 98.10 8e 5.70 93.73
8d 3.63 0.81 141.67 7.64 39.03

4g 2.87 96.77 8l 49.10 49.55
8e 23.67 6.66 143.33 44.81 6.06

4h 1.94 97.72 8m 31.79 66.75
8f >250.00 - >250.00 - -

8b 35.32 60.93 8o 20.63 78.46
8g 65.67 4.04 102.33 10.79 1.56

8d 2.96 96.80 Cisplatin 34.39 63.13
8h >250.00 - >250.00 - -
8i +250.00 _ +250.00 _ _ Note: +%: Induced caspase-3 activity in cells and —%: Decreased caspase-3 activity

in cells. Enzyme activity was determined using A549 cells.
8j 103.33 2.89 >250.00 - >2.42
8k >250.00 - >250.00 - -
7 5250.00 B 5250.00 B B ) Brclleﬂy,.the findings mdlcatg.d that n(;)v;l elg}flt }ilumaiohnez
8l 1375 177 250,00 B 51818 ase z.mtl‘ca.n‘cer agents were discovered, four o them showe

EGFR inhibition at one-digit an nM concentration.
8m 21.50 0.71 198.33 2.89 9.23
8n 82.50 3.54 88.33 2.89 1.07
8o 38.50 12.02 189.67 451 493 3. SAR Summary
3p >250.00 - >250.00 - - o ] )

The structure—activity relationship of each compound has been
8q >250.00 - >250.00 - - . T . . s

explained individually in the related section of targets while here
8r 93.33 2.89 181.67 7.64 1.95 . . . .

it was summarized and generalized them altogether. In Figure
8 >250.00 - >250.00 - - 12, virtualizing was built up to easily look at structural differences
8t >250.00 - >250.00 - - and their effects on anticancer activity and mechanisms of action.
8u 98.33 5.77 >250.00 - >2.54
8v >250.00 - >250.00 - - . . S

Table 9. Results of mitochondrial membrane polarization% and depolar-
12 178.33 4233 >250.00 - >1.40 ization% of active compounds.
13a 67.33 6.43 95.67 4.04 1.42
13b 76.67 17.56 34.67 7.51 0.45 Compound polarization%?2 depolarization?
13c >250.00 - >250.00 - - Control 95.64 400
13d >250.00 - >250.00 - - s 8355 15.41
Cisplatin 27.33 6.81 - - - h 8472 14.48
Note: A549: Non-small lung cancer cell line; L929: Healthy mouse fibroblast cell line, 8b 24.27 75.30
SD: Standard deviation (+), and SI: Selectivity index (which is calculated as follows: 8d 37.88 61.62
IC5o on healthy cells/ICs, on cancer cells). All ICs, values are one-day cytotoxicity ’ '
results. “—" means there are no meaningful results. 8e 66.84 28.96

8l 3.92 96.13
As proof of that, it was found that quinazoline analogue, quino- 3™ 15.87 83.70
lines (13) causes a decrease in anticancer activity. It is suggested 8¢ 13.50 86.14
that the azole rings attached to the sulfur atom should be bulky  Cisplatin 62.86 36.01

such as benzothiazole. In addition, the substituent on these rings
should not induce acidity or reduce lipophilicity.

Adv. Theory Simul. 2025, 8, 2400811 2400811 (16 of 22)

2 Mitochondrial membrane polarization and depolarization was determined using
A549 cells.
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Table 10. Results of EGFR inhibition.

Compound 1Cs [NM]
4g 27588 + 6.945
4h 5.298 + 0.164
8b >50000
&d 5.46 +0.221
8e 52.41+2312
8l 2.670 +0.124
8m 2.191 +0.908
8o 33657 +£8.512
Gefitinib 4.169 + 0.156

Note: For each compound, tests were repeated for four times.

Quinoline
or
Quinazoline

Phenyl,
Acetamidothiazole,
Acetamidobenzothiazole

Hydrazide
or
Triazole

Hydrogen bond

Donor or Acceptor

[:Amino or Phenyl\\,‘,

Figure 12. Diagram of structure-activity relationship.

According to that,

§ Anticancer effect of quinazoline derivatives was determined
to be higher compared to quinoline derivatives.

§ Upon investigating all three different quinazolin-4(3H)-one
series, the presence of a halogen group or a non-substituted
aryl ring significantly enhances the anticancer activity. Although
when the presence of an azole ring in the center increases the
activity, the anticancer activity is similar when this structure is
substituted with hydrazide. However, this replacement is thought
to affect the activation pathway. It suggested that the presence of
azole (specifically triazole) is more suitable for EGFR inhibition
and caspase-3 activation.

§ Comparing the structures with bulk group/small group at-
tached to the central ring (triazole), no significant difference be-
tween their anticancer potency was observed. However, the pres-
ence of the small group (NH,) is more valuable for EGFR inhibi-
tion and caspase-3 activation.

§ The presence of a methyl bridge connecting the rings has
been identified as a major point since it allows molecules to rotate
and adapt to the binding region of proteins. Thus, it is suggested
that sp* atom is essential to anticancer activity.

§ Benzothiazoles are found more favorable than thiazole ring
system. The presence of bulky groups (benzothiazoles) increase
stability as they can interact with peripheral amino acids, even
when exposed to the effects of organic and inorganic solvents.
Therefore, benzothiazoles play an important role in maintaining
the stability of the ligand—enzyme complex. It is suggested that
the major contribution of the benzothiazole ring to the activity is
closely related to the solubility property of the structure. There-
fore, any modifications made to this ring should be directed to-
wards updating this property, not binding to the amino acid.

§ The presence of a hydrogen acceptor/donor group in the
bridge between (benz)azole and central ring or hydrazide has an
essential role on EGFR inhibition (by binding with Asp855, the

Adv. Theory Simul. 2025, 8, 2400811 2400811 (17 of 22)
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allosteric amino acid) and caspase-3 activation (by binding with
loop amino acids such as Arg64 or Arg207).

4. Conclusion

In this study, 11 pharmacophore hypotheses were developed us-
ing two different methods to define hit molecules for NSCLC
by inhibiting EGFR. After screening in-house databank, the hits
and their analogs were synthesized and analyzed. A total of
41 original substances, 37 final products and four intermedi-
ates, were subjected to MTT assay for their cytotoxicity effects
on A549 and 1929 cell lines. Apoptosis effects (between 6.66%
and 77.68%), caspase-3 activation effects (1.94%—49.10%), mi-
tochondrial membrane depolarization effects (14.48%-96.13%),
and EGFR inhibition effects (2.191 x 107 mM-50.00 x 10~° m)
of the most selective and active molecules were investigated. In
the end, molecular docking studies were applied to understand
the binding mode of the active compounds to the relevant pro-
tein while molecular dynamics simulation methods were used to
examine the change of the interaction stability under the effect
of time and environmental factors. After the effects of biological
profile were determined in vitro and in silico approaches, novel
eight quinazoline-based anticancer molecules (4g, 4h, 8b, 8d, 8e,
81, 8m, and 80) were discovered, four of them (4h, 8d, 81, and 8m)
showed significant EGFR inhibition. These eight compounds
also showed good apoptosis-inducer profile via intrinsic and ex-
trinsic pathways. In silico findings indicated that the quinazo-
line ring and acetamide moiety play a determined role in bind-
ing the proteins” active pocket since they stabilize the protein—
ligand complex. In addition, in line with the findings obtained
in this study, the structure-activity relationship for both protein-
specific and general anticancer activity was presented and dis-
cussed. For further studies, formulation studies are scheduled to
be performed, and the most potent compounds (4h, 8d, 81, and
8m) be investigated via in vivo methods.

5. Experimental Section

Developing Pharmacophore Hypotheses: A scientifical hypothesis
should be reperformed and must be trustable. Therefore, the validation of
the hypothesis is an essential step. For that, EF (enrichment coefficient),
BEDROC (Boltzmann’s enhanced receiver-operation properties), AUAC
(area under the accumulation curve), ROC (receiver-operation proper-
ties), and RIE (initial enhancement) values of the hypothesis were first
examined, and if they are appropriate, then that hypothesis can be used.
According to literature,3=¢] those values should be as the following
statements:

v/ EF value > 1 indicates that the hypothesis is working. The degree to
which it is more than 1 indicates how many times a true active molecule
is more likely to be instead of pseudo-active and inactive molecules, that
is, indicating how strong the hypothesis is.

v BEDROCK (a = 20.0) > 80% is essential to use the hypothesis.

v AUAC is a value used to validate the hypothesis. Simply put, AUAC
means the ratio of false positives to active ingredients. In a well-
distributed dataset, the probability of any randomly selected compound
being active is expected to be higher than the false-positive probability.
In short, this area reveals the discriminating power of the hypothesis,
and the closer the value is to 1, the higher the discriminating power of
the hypothesis.
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Table 11. Indexing of interactions between active compounds and caspase-3 enzyme.

Compound Moiety Residue Number and type of interaction
8b Quinazoline Hg Ser120 1, Ar H-bond
Benzothiazole chloro Trp206 1, halogen bond
Acetamide nitrogen Arg207 1, salt bridge
Acetamide oxygen Arg207 1, H-bond
Benzothiazole H, Arg207 1, Ar H-bond
Triazole N, Arg207 1, H-bond
Quinazoline ring Arg207 1, m—cation
Benzothiazole chloro Trp214 1, Halogen bond
Benzothiazole chloro Phe250 1, halogen bond
8l Acetamide oxygen Arg64 1, H-bond
Acetamide nitrogen Argb4 1, salt bridge
Benzothiazole ring Hiel21 2, n—n stacking
Benzothiazole H, Gly122 1, Ar H-bond
Benzothiazole nitrogen Gly122 1, H-bond
Acetamide oxygen Ginl61 1, H-bond
Benzothiazole nitrogen Cys163 1, H-bond
Benzothiazole ring Tyr204 1, 7—= stacking
Triazole ring Tyr204 1, n—r stacking
Acetamide oxygen Arg207 1, H-bond
Quinazoline ring Phe256 2, m—r stacking
8m Acetamide oxygen Arg64 1, H-bond
Benzothiazole ring Hiel21 2, n—n stacking
Benzothiazole H, Gly122 1, Ar H-bond
Benzothiazole nitrogen Gly122 1, H-bond
Benzothiazole Hg Glu123 1, Ar H-bond
Benzothiazole ring Tyr204 1, 7—r stacking
4-amino-1,2,4-triazole nitrogen hydrogen Ser205 1, H-bond
Acetamide oxygen Arg207 1, H-bond
Quinazoline ring Phe256 2, m—r stacking
80 Acetamide oxygen Arg64 1, H-bond
Benzothiazole ring Hiel121 1, 7—r stacking
Benzothiazole Hg Gly122 1, aromatic H-bond
Benzothiazole nitrogen Gly122 1, H-bond
Benzothiazole Hg Glu123 1, aromatic H-bond
Benzothiazole ring Tyr204 1, 7—r stacking
4-amino-1,2,4-triazole nitrogen hydrogen Ser205 1, H-bond
Acetamide oxygen Arg207 2, H-bond
Quinazoline ring Phe256 1, 7—= stacking

v ROC value is an indicator of the discriminating power of the hypothesis,
and the closer it is to 1, the stronger the hypothesis.

v RIE value, like AUAC, is an indicator of the discriminating power of the
hypothesis and being above 1 is the minimum condition for the hypoth-
esis to be used.

Above values were used to check all pharmacophore hypothesis. All
these processes were carried out using the Maestro package program,[>’]
while the generation and validation of pharmacophore hypotheses were
performed using the PHASE[3>°I module.

After obtaining hypotheses using the approaches described below, they
were used together in the screening of the in-house molecular library which
include novel 544 compounds containing quinoline and/or quinazoline

Adv. Theory Simul. 2025, 8, 2400811 2400811 (18 of 22)

nuclei. Any compound that matched with at least five hypothetical features
was labeled as a lead molecule.

Developing Hypothesis Using Multiple Drugs and One Protein Crystal:
Since the EGFR pathway was identified as the main target, the crystal struc-
ture of this protein (PDBID: 2ITY) was downloaded from the RCSB protein
database.

Fourteen EGFR inhibitory drugs have been used as the active set (-
tinibs: crizotinib, sunitinib, bosutinib, dasatinib, cabozantinib, dacomi-
tinib, lapatinib, afatinib, brigatinib, ibrutinib, osimertinib, erlotinib, gefi-
tinib, and neratinib), while 19 other kinases were used as inactive set be-
cause they were either reported with low efficiency or they are not bind-
ing at all to EGFR (-tinibs: imatinib, tofacitinib, nilotinib, ponatinib, lenva-
tinib, axitinib, alectinib, ruxolitinib, fostamatinib, baricitinib, cobimetinib,
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Table 12. Indexing of interactions between active compounds and EGF receptor.

Compound moiety Residue Number and type of interaction
4h Sulfur of thiocarbonyl Lys745 1, H-bond
Quinazoline H, GIn791 1, Ar H-bond
Quinazoline N, Met793 1, H-bond
Quinazoline Hyg Met793 1, Ar H-bond
Chloro of phenyl Arg841 2, Halogen bond
H of N, of hydrazine Thr854 1, H-bond
Phenyl H, Arg855 1, Ar H-bond
8d Acetamide nitrogen Lys745 1, salt bridge
Methoxy oxygen Cys797 1, H-bond
Phenyl H; Arg841 1, Ar H-bond
Phenyl ring Arg841 1, z-cation
Phenyl H, Arg855 1, Ar H-bond
8l Acetamide oxygen Lys745 1, H-bond
Acetamide nitrogen Lys745 1, salt bridge
Quinazoline H, GIn791 1, Ar H-bond
Quinazoline N, Met793 1, H-bond
Quinazoline Hg Met793 1, Ar H-bond
Benzothiazole ring Arg841 1, salt bridge
Benzothiazole nitrogen Arg841 1, H-bond
4-amino-1,2,4-triazole nitrogen hydrogen Asp855 1, H-bond
8m Benzothiazole H; Ser720 1, Ar H-bond
Acetamide nitrogen Lys745 1, H-bond
Acetamide nitrogen Lys745 1, salt bridge
Quinazoline H, GIn791 1, Ar H-bond
Quinazoline N, Met793 1, H-bond
Quinazoline Hy Met793 1, Ar H-bond
Benzothiazole ring Arg841 2, z-cation
4-amino-1,2,4-triazole nitrogen hydrogen Arg855 1, H-bond

ceritinib, binimetinib, lorlatinib, gilteritinib, erdafitinib, acalabrutinib, pex-
idartinib, and larotrectinib). Therefore, a total of 33 inhibitors, known as
anticancer agents, were used to develop a series of pharmacophore hy-
potheses.

Docking studies of these 33 tinibs drugs were performed using similar
procedures,[3060-62] and the best poses were selected for the next step.
Based on these selected poses, hypothesis development studies were
carried out using multiple molecules and a single EGFR protein crystal.
Later, the generated hypotheses were validated using all tyrosine kinase
(-tinib compounds) and the fragment collection which is freely offered by
Schrodinger LLC (accessed 09.09.2020). The validation process followed
the description provided in Section 5.1.

Developing Hypotheses Using Literature-Based EGFR Active Compounds
and Single Protein Crystal: A total of 5947 compounds reported for their
EGFR inhibition pKi value were downloaded from the ZINC database
(https://zinc.docking.org/ accessed: 29.08.2020). Then, compounds con-
taining pyridine or pyrimidine rings with at least three substitutions were
filtered. Using the Maestro program,[*’] the selected compounds were
prepared in accordance with the pH = 7.4 + 1.0 using LigPrep module.
Following this step, all subsequent procedures for hypothesis generation
and validation remained identical to the above-described methods (Sec-
tion 5.1.7), with the exception of a minor change, which is descripted as
follows:

® Compounds with a value of pKi of 7.0 and above were categorized as ac-
tive compounds, while the remaining compounds were considered neu-
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tral and included in the hypothesis without any assignment. (They have
not been removed since those compounds have not yet been tested in
clinical practice.)

® The molecules used for the trap set is a set of 1000 molecules obtained
from Schrodinger LLC (accessed on 30.08.2020), which were specially
prepared for its drug-like properties.[®364] Following the generation hy-
potheses, their validations were made as descripted in Section 5.1.

Chemistry:  All chemicals were purchased from Sigma-Aldrich Chemi-
cal Co. (Sigma-Aldrich Corp., St. Louis, MO) and Merck Chemicals (Merck
KGaA, Darmstadt, Germany). Melting points (m.p.) were determined by
MP90 digital melting point apparatus (Mettler Toledo, Ohio, USA) and
were reported without correction. Reactions were monitored by thin-layer
chromatography (TLC) using Silica Gel 60 F254 TLC plates (Merck KGaA,
Darmstadt, Germany). Spectroscopic data were recorded with the fol-
lowing instruments: "TH-NMR (nuclear magnetic resonance) Bruker DPX-
300 FT-NMR spectrometer, '*C-NMR, Bruker DPX 75 MHz spectrometer
(Bruker Bioscience, Billerica, MA); mass (HRMS) spectra were recorded
on a liquid chromatography connected with hybrid ion-trap and time-of-
flight mass spectrometry (Shimadzu) using electrospray ionization. The
synthesis route of the target molecules is illustrated in Scheme 1.

Synthesis of 4(3H)-Quinazolinone (1): Two methods were used to ob-
tain the title compound. In Method A, anthranilic acid (1 eq) and for-
mamide (1.2 eq) were stirred in an oil bath. The end of the reaction was
checked with TLC. Upon completion, the reaction mixture was poured into
iced water, then the solid phase was washed with water while filtering. In
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Method B, anthranilic acid (1 eq) and formamide (1.2 eq) were reacted un-
der 500 W and 220 °C in a microwave tank for 15 min. Similar to Method A,
the reaction was controlled via TLC, and the same finalization procedure as
in method A was followed. Both products were subsequently crystallized
from ethanol (Scheme 1a).

Synthesis of Ethyl 2-[4-Oxoquinazolin-3(4H)-yljacetate (2) and ethyl
2-(Quinolin-8-yloxy)Acetate  (9): 4(3H)-Quinazolinone (1) or 8-
hydroxyquinoline was dissolved in acetone and 1.5 equivalent moles
of K,CO; was added to the reaction flask. Then ethyl 2-bromoacetate (1.1
eq mole) was added and the mixture was refluxed for 18 h. The reactions
were controlled via TLC, and then acetone was evaporated. The resulting
solid phases were washed with water while filtering. The dry products
were subsequently crystallized from hexane (Scheme 1b).

Synthesis of 2-[4-Oxoquinazolin-3(4H)-yl]Acetohydrazide (3) and 2-
(Quinolin-8-yloxy) Acetohydrazide (10): Compound 2 or compound 9 (1
eq.) was dissolved in ethanol. Hydrazine mono hydrate (1.5 eq.) in ethanol
solution was added slowly into solution. The solution was stirred over the
night and the reaction was controlled via TLC. After completion of the reac-
tion, the solid was filtered. Final products were recrystallized from absolute
ethanol (Scheme 1c).

Synthesis of Target Products N-(Substituted)-2-{2-[4-Oxoquinazolin-
3(4H)-yllacetyl}hydrazine- 1-Carbothioamide ~ Derivatives ~ (4a-4l)  and
the  Intermediate ~ Compound  N-(4-Methoxyphenyl)-2-[2-(Quinolin-8-
yloxy) acetyl]hydrazine-1-Carbothioamide (11): In an ice bath, equal
moles of various alkyl/aryl isothiocyanates dissolved in ethanol are added
into 2-[4-oxoquinazolin-3(4H)-yllacetohydrazide (3) in ethanol solution
or 4-methoxyphenylisothiocyanate in ethanol solution was added into
2-(quinolin-8-yloxy)acetohydrazide (10) slowly. The mixtures were stirred
over a day and the reactions were controlled via TLC. The solid was
filtered and the final products were recrystallized from absolute ethanol
(Scheme 1d). Compounds 4a—4l and 11 are displayed in Table 4.

Synthesis  of  3-{[4-(4-Methoxyphenyl)-5-thioxo-4, 5-Dihydro-1H-1,2,4-
triazole-3-ylJmethyl}quinazolin-4(3H)-one (5) and 4-(4-Methoxyphenyl)-5-
[(quinolin-8-yloxy) methyl]-4H-1,2,4-triazole-3-thiol (12): Compounds 4a
or 11 dissolved in 2 m sodium ethoxide (NaOEt) solution and refluxed.
The reactions were controlled via TLC. The mixtures were poured into
iced water and the pH of the mixtures was set to 7. The solid phase was
filtered and washed with water. These intermediates were recrystallized
from absolute ethanol (Scheme 1e).

Synthesis of 3-[(5-thioxo-4,5-dihydro-1,3,4-oxadiazol-2-
yl)methyl]Quinazolin-4(3H)-one (6): In an ice bath, compound 3 (1
eq) dissolved in 2 m sodium ethoxide (NaOEt) solution, then CS, (1.1
eq) was carefully added to the solution. The mixture was stirred at room
temperature for 30 min. After precipitation, it was refluxed under reflux for
2 h. The reaction was finished according to TLC. The mixture was poured
into iced water and the pH was adjusted to 7 with 9.8% HCI solution.
The precipitate was filtered and washed with water. The final product was
recrystallized from ethanol (Scheme 1f).

3-[(4-Amino-5-thioxo-4,5-Dihydro-1H-1,2,4-triazole-3-
yl)methyl) Quinazolin-4(3H)-one  (7): Hydrazine monohydrate (1.5
eq) was added to solution of compound 6 (1 eq) in ethanol, then it was
refluxed for 2 h. The reaction was controlled with TLC. After completion
of the reaction, the precipitate was filtered and washed with ethanol. The
crude product was recrystallized from alcohol (Scheme 1g).

Synthesis of Final Products 2-{[4-(4-Methoxyphenyl Jamino)-5-{[4-
Oxoquinazolin-3(4H)-yllmethyl}-4H-1,2,4-triazole-3-ylJthio}-N-aryl Ac-
etamide  (8a—8k;81-8v) and  2-({4-[4-Methoxyphenyl]-5-[(Quinolin-8-
yloxy) methyl]-4H-1,2,4-Triazole-3-yl}thio)-N-aryl ~ Acetamide  (13a—13d):
Compounds 5, 7, or 12 were stirred with equal moles of 2-chloro-N-aryl
acetamide derivatives in acetone media with K,CO; (1.5 eq) at room
temperature for 2 h. The reactions were controlled according to TLC. After
completion of the reactions, the solvents were evaporated, and the re-
maining phases were filtered and washed with water. The crude products
were crystallized from absolute ethanol (Scheme 1h). Compounds 8a-8v
and 13a-13d are displayed in Table 5.

Experimental Activity Studies—MTT Tests: MTT tests were performed
the same as in previous studies.[60.6165.66] Non-small cell lung cancer cell
line (A549-ATCC CCL-185) was used to determine anticancer activity and
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healthy mouse fibroblast cell line (L-929 ATCC CCL-1TM) was used to de-
termine cytotoxicity on healthy cells.

Determination of Apoptotic Effects: Apoptosis and necrosis are cell
death scenarios known as natural and cancerous tissue death, i.e., natural
death and suicide of the cell, respectively. For this reason, one of the impor-
tant points that is expected from anticancer drugs is to induces the death
of cancer cells in an apoptotic way. To determine this, it was investigated
that whether active compounds with high selectivity index to A549 cells
induce apoptosis. FITC Annexin V apoptosis detection kit (BD Pharmin-
gen, San Jose, CA) kit was used and the method used in this research was
carried out the same as in previously published articles.[60.67]

Mechanism of Action Studies: Determination of Caspase-3 Activation: In
this study, the determination of caspase-3 activity was performed the same
as in a previous studies.[63-70]

Determination of Mitochondrial Membrane Depolarization: The deter-
mination of mitochondrial membrane depolarization is based on staining
cells with JC-1 and the method for this study was performed according to
the supplier’s instructions (BD, Pharmingen Flow cytometry kit) and an-
other previous study.l’”"] After the determination of the most active com-
pounds by the MTT method, the mitochondrial membrane integrity of the
compounds on A549 cells was tested at their ICso concentrations. Also,
cells were analyzed using flow cytometry. The obtained results were com-
pared using cisplatin as the positive control.

Determination of EGFR Inhibition Activity: EGFR (ErbB-1; HERT) is
from the receptor tyrosine kinase family and was reported to be associ-
ated with cancer in various tissues due to its overexpression or hyperacti-
vation as mentioned several times.l'324] The EGFR kinase assay kit (BPS
Bioscience, Cat. No. 40321, San Diego, CA) was used according to the
manufacturer’s instructions to determine the EGFR kinase inhibition of
the active molecules. Four independent experiments were performed for
each compound, and the mean and standard deviation values were calcu-
lated. Gefitinib was used as the positive control.

Molecular Docking and Dynamics Simulation Studies: Molecular dock-
ing studies are in silico procedures applied to understand the binding
mode between protein and active molecules. The X-ray crystal structures
of caspase-3 (PDB ID: 4QTX) and EGFR (PDB ID: 2ITY) were downloaded
from the Protein Data Bank server (www.pdb.org, accessed 01 Aug 2019).
The structures of these proteins were individually constructed using the
Schrédinger Maestrol®”] interface and then prepared in the Protein Prepa-
ration Wizard protocol of Schrédinger Suite 2020. The pH value of the
compounds was set to 7.4 + 1.0 which was prepared using the LigPrep
module.[”? The mapping of the binding sites was generated using the
Glide module,[3] and the calculations were performed using the standard
precision method (SP).

Molecular dynamics studies were performed by using the same pro-
cedures reported in previous studies.[41:°074-76] Active compounds and
their proteins were prepared separately to obtain system setup using “Sys-
tem Setup” module in Desmond application.””] Transferable intermolec-
ular potential with three points water model was used for the creation
of the hydration model. POPC (1-Palmitoyl, 2-oleoylphosphatidylcholine)
membranel’%7°] model was preferred during the system preparation. The
neutralization of the system was achieved using Na* and Cl~ ions. The
molecular dynamics simulation was performed following the completion
of the system setup.
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