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Abstract: Five phenolic Schiff bases (7-11) incorporating a fragment of methanesulfonamide were syn-
thesized and evaluated for their efficacy as antitumor agents. Compounds 7 and 8 demonstrated the
most potent antitumor action, with a positive cytotoxic effect (PCE) of 54/59 and 59/59 and a mean
growth percentage (MG%) of 67.3% and 19.5%, respectively, compared with imatinib (PCE = 20/59
and MG% = 92.6%). The PCE values for derivatives 9-11 were 3/59, 4/59, and 4/59, respectively,
indicating poor antitumor effect. Compound 8 exhibited the most significant efficacy, suppressing cell
proliferation by an average of 50% at a dosage of 0.501 uM, in comparison with the reference drugs
sorafenib (2.33 uM), gefitinib (2.10 uM), erlotinib (7.68 uM), and celecoxib (17.5 uM). Compounds 7
and 8 had substantial inhibitory effects on the human epidermal growth factor receptor 2 (HER2),
with ICsg values of 0.183 uM and 0.464 uM, respectively. Furthermore, they exhibited significant
inhibition of the epidermal growth factor receptor (EGFR), with ICs values of 0.752 uM and 0.166
uM, respectively. Compound 8 exhibited the highest COX-2 inhibition (IC5¢ = 12.76 uM). We per-
formed molecular docking dynamic experiments to examine the precise interaction and structural

prerequisites for the anticancer activity of derivatives 7 and 8 by targeting EGFR and HER?2.

Keywords: phenolic Schiff bases; antitumor activity; enzymatic assay; cell cycle analysis; molecular
docking; molecular dynamic simulation

1. Introduction

Cancer is a major cause of death worldwide [1,2]. Furthermore, cancer cells can
acquire resistance to the existent chemotherapeutic agents [3]. Accordingly, there is a
significant demand for novel and effective compounds that can fight against tumors
[4-23]. Developing such substances presents a challenge in drug discovery because of the
adverse effects associated with the combination of multiple medications used in cancer
therapy [3,24]. The recommended therapeutic approach to reduce these consequences is
to utilize a single drug that can engage in several molecular pathways, decreasing their
impact [25-35].

HER?2 and EGFR possess structural similarities and are part of the tyrosine kinase
receptor family [36—43]. HER2 belongs to the epidermal growth factor receptor, which has
tyrosine kinase activity [37—40]. The receptor dimerization leads to the autophosphorylation
of tyrosine residues within the receptor’s cytoplasmic domain. This result promotes
different signaling pathways, causing tumorigenesis and cell proliferation [37-40]. HER2
overexpression occurs in approximately 15-30% of breast cancers. It has also been detected
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in other cancers, such as the ovary, colon, lung, and bladder [37-40]. In addition, EGFR
plays a crucial role in cancer. It regulates the cell signaling pathways that control cell
division and survival. Mutations in the EGFR gene result in its overexpression, leading
to tumor growth, invasion, and metastasis [41-43]. The overexpression of HER2 and
EGFR has been observed in several malignancies, such as breast, prostate, colon, and
ovarian cancers [36—43]. It has been demonstrated that blocking these proteins can trigger
programmed cell death in breast and lung malignancies [37-43]. Tyrosine kinase inhibitors
are used to treat various types of cancer [38,44—48]. Examples of these drugs include
imatinib (I), sorafenib (II), gefitinib (III), and erlotinib (IV) (Figure 1) [49-52]. In addition,
the COX-2 isozyme is excessively produced in several malignancies, such as gastric, lung,
colon, breast, ovarian, prostate, and hepatocellular cancers [53]. These findings indicate that
COX-2 can be explicitly used to treat cancer [54]. Celecoxib (V), a selective COX-2 inhibitor
(Figure 1), has the potential to be used in the treatment and prevention of cancer [55]. The
hypothesized mechanism by which COX-2 inhibition may fight cancer involves reducing
cell growth or inducing apoptosis [56].
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Figure 1. The reported anticancer agents and designed phenolic Schiff bases 7-11.

Schiff’s bases are a crucial and biologically potent pharmacophore that aids in de-
veloping several anticancer drugs [48,57]. Examples of these compounds include isatin
Schiff bases (VI and VII) and PAC-1 (VIII), some of which initiate programmed cell death
(apoptosis) in cancer cells (Figure 1) [58-60]. Moreover, compounds incorporating methyl-
sulfonyl fragments, such as arene Schiff bases (IX), can function as antitumor agents against
a range of cancers, including skin, hepatic, colon, and lung cancers, as well as melanoma
(Figure 1) [61]. Moreover, the potential of several Schiff bases to selectively inhibit EGFR,
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HER?2, and COX-2, as well as cause apoptosis, has been investigated concerning their
anticancer properties [57-62]. Moreover, other Schiff bases can hinder the activity of the
COX-2 enzyme and tumor-associated carbonic anhydrase [62-67].

In our investigation, we synthesized five phenolic Schiff’s bases (compounds 7-11) con-
taining a methane sulfonamide moiety (Figure 1). The structure of the created compounds
was formed from an azomethine fragment, which is the link between the methanesul-
fonamide core and the phenolic moiety. The anticancer efficacy of the compounds was
evaluated in 59 human cancer cell lines via in vitro testing. Afterward, a cell cycle analysis
and an experiment to induce apoptosis were performed using the most effective derivative
in MCF-7 cancer cells. We conducted an enzymatic experiment to determine the strongest
inhibitory effects of the derivatives on EGFR/HER2 and COX-2 enzymes. Finally, we used
a molecular modeling tool to investigate how the biologically active molecules can interact
with EGFR and HER? tyrosine kinase binding sites.

2. Results and Discussion
2.1. Chemistry

According to our previous study, (E)-N-(4-(2-arylidenehydrazine-1-carbonyl)phenyl)
methanesulfonamides 7-11 were synthesized with a reasonable yield by mechanically
mixing a phenolic aldehyde and N-(4-(hydrazine carbonyl)phenyl)methanesulfonamide (1)
in methanol as a solvent and acetic acid as a catalyst at room temperature (Scheme 1). NMR
and other spectra were used to verify the structures of the target derivatives, as described
in our previous report [66].
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Scheme 1. Synthesis of the designed phenolic Schiff bases 7-11.

2.2. Antitumor Activity Results
2.2.1. Growth Inhibition Percentage (GI%) at a Single Dose Concentration of 10 uM

The National Cancer Institute (Bethesda, MD, USA) selected compounds 7-11 for
the screening of antitumor efficacy against a comprehensive panel of 59 cancer cell lines
derived from nine human tissues (i.e., brain, blood, colon, skin, lung, kidney, ovary, breast,
and prostate) [19,61,68]. Table 1 presents the preliminary antitumor assessment at a con-
centration of 10 uM and growth inhibition percentage (GI%) across 59 cell lines compared
with imatinib as the reference drug (Table 1).
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Table 1. Antitumor activity of pyrazolines 7-11 presented as growth inhibition percentages (GI1%)
using 59 subpanel tumor cell lines.

Compd No.

PCE *

Cancer Cell Line Assays

O/  ¥%F
(10.0 uM in One Dose, GI%) ** MG%

54/59

Leukemia (CCRF-CEM, 63%; HL-60(TB), 22%; K-562, 26%; MOLT-4, 50%; SR, 67%),

NSC Lung (A549/ATCC, 11%; EKVX, 26%; HOP-62, 61%; HOP-92, 44%; NCI-H226,
25%; NCI-H23, 27%; NCI-H322M, 54%; NCI-H460, 21%), Colon (HCC-2998, 41%;

HCT-116, 59%; HCT-15, 67%; KM12, 35%; SW-620, 35%), CNS (SF-268, 48%; SF-295,

35%; SF-539, 40%; SNB-19, 32%; U251, 56%), Melanoma (LOX IMVI, 53%;
MALME-3M, 24%; M14, 44%; MDA-MB-435, 24%; SK-MEL-2, 22%; SK-MEL-28,
37%; SK-MEL-5, 33%; UACC-62, 35%), Ovarian (IGROV1, 25%; OVCAR-4, 53%;
OVCAR-5, 23%; OVCAR-8, 32%; NCI/ ADR-RES, 41%; SK-OV-3, 42%), Renal

(786-0, 25%; A498, 16%; ACHN, 46%; CAKI-1, 35%; RXF 393, 21%; SN12C, 23%;

TK-10, 21%; UO-31, 64%), Prostate (PC-3, 38%; DU-145, 33%), Breast (MCF-7, 21%;

MDA-MB-231/ATCC, 34%; HS 578T, 11%; BT-549, 27%; T-47D, 18%;
MDA-MB-468, 24%).

67.32

59/59

Leukemia (CCRF-CEM, 94%; HL-60(TB), 99%; K-562, 86%; MOLT-4, 90%;
RPMI-8226, 84%; SR, 89%), NSC Lung (A549/ATCC, 88%; EKVX, 84%; HOP-62,
87%; HOP-92, 61%; NCI-H226, 61%; NCI-H23, 77%; NCI-H322M, 75%; NCI-H460,
97%; NCI-H522, 88%), Colon (COLO 205, 94%; HCC-2998, 62%; HCT-116, 78%;
HCT-15, 80%; HT29, 73%; KM12, 85%; SW-620, 63%), CNS (SF-268, 77%; SF-295,
90%; SE-539, 93%; SNB-19, 65%; SNB-75, 52%; U251, 76%), Melanoma (LOX IMVI,

100%; MALME-3M,96%; M14, 100%; MDA-MB-435, 71%; SK-MEL-2, 59%; 19.55
SK-MEL-28, 77%; SK-MEL-5, 100%; UACC-257, >100%; UACC-62, 100%), Ovarian
(IGROV1, 80%; OVCAR-4, 69%; OVCAR-5, 54%; OVCAR-8, 88%; NCI/ADR-RES,
63%; SK-OV-3, 66%), Renal (786-0, 98%; A498, 81%; ACHN, 84%; CAKI-1, 81%;
RXF 393, >100%; SN12C, 69%; TK-10, 52%; UO-31, 87%), Prostate (PC-3, 68%;
DU-145, 69%), Breast (MCF-7, 94%; MDA-MB-231/ATCC, 62%; HS 578T, 44%;
BT-549, 88%; T-47D, 74%; MDA-MB-468, >100%).

3/59

NSC Lung (HOP-92, 23%), Melanoma (MALME-3M, 12%), Renal (UO-31, 17%). 97.67

10

4/59

Melanoma (UACC-257, 10%), Renal (A498, 15%; CAKI-1, 10%; UO-31, 14%). 100.00

11

4/59

Leukemia (SR, 10%), Renal (CAKI-1, 16%; UO-31, 10%), Breast (MCF-7, 11%). 101.84

Imatinib

20/59

Leukemia (MOLT-4, 18%; PRMI-8226, 13%; SR, 15%), NSC Lung (EKVX, 16%;
NCI-H226, 11%; NCI-H23, 17%), Colon (HCT-116, 19%; HCT-15, 12%; HT-29, 47%),
CNS (SF-295, 15%; SF-539, 25%; U251, 11%), Melanoma (LOX IMVI, 12%; 92.62
SK-MEL-5, 22%), Renal (A-498, 14%), Prostate (PC-3, 11%; DU-145, 14%), Breast
(MDA-MB-231/ATCC, 11%; T-47D, 19%; MDA-MB-468, 29%).

* PCE: Positive cytotoxic effect; the ratio between the number of cell lines with percentage growth inhibition >
10% and the total cell lines. ** GI%: Growth Inhibition Percent. *** MG%: Mean growth percent.

Compounds 7-11 demonstrated noteworthy antitumor efficacy, with a mean growth
percentage (MG) of 101.84%-19.55% and a PCE (ratio between the number of cell lines
with percentage growth inhibition from >10 to 100 and the total number of cell lines) of
3/59-59/59.

Phenolic Schiff bases 7 and 8 exhibited the highest PCE of 54/59 and 59/59
(MG = 67.3% and 19.5%, respectively), while compounds 9-11 possessed the lowest PCE
of 4/59 (MG = 101.8%-97.6%). Imatinib had PCE = 20/55 and MG = 92.6%. Interestingly,
2-phenolic Schiff bases 7 and 8 exhibited more potent antitumor effects (PCE = 54/59 and
59/59) than their 3-phenolic and 4-phenolic counterparts, such as derivatives 9, 10, and 11
(PCE =3/59,4/59, and 4/59, respectively). Schiff bases containing the N-diethylamino moi-
ety, like compound 8 (MG = 19.5%), were more effective antitumor agents than compound
7 (MG = 67.3%). The broad-spectrum efficacy and selectivity of Schiff bases 7-11 (Table 1)
against cancer tissues (59 cell lines) were compared with imatinib (GI > 10%—-47.1%). It was
clear that derivatives 7 and 8 had potent GI (>10%-100%) against the majority of the cell
lines tested, including melanoma (GI = 22.0%-100.0%), leukemia (GI = 22.0%-99.0%), non-
small cell lung (GI = 11.0%-97.0%), colon (GI = 35.0%-94.0%), renal (GI = 16.0%-100.0%),
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CNS (GI = 32.0%-93.0%), prostate (GI = 33.0%-69.0%), ovarian (GI = 23.0%-88.0%), and
breast (GI = 11.0%-100.0%). Weak to moderate antitumor efficacy was demonstrated by
derivatives 9, 10, and 11 against leukemia (GI = 10.0%), NSCLC (GI = 23.0%), melanoma
(GI =10.0%-12.0%), renal cancer (GI = 10.0%~17.0%), and breast cancer (GI = 11.0%). Ima-
tinib, on the other hand, had a moderate effect on most types of cancer cells, including
leukemia (GI = 12.6%-18.0%), NSCLC (GI > 10.0%-17.1%), colon (GI = 11.5% to 47.1%),
CNS (GI > 10.0%-24.5%), melanoma (GI = 11.6%-22.3%), ovarian (GI > 10.0%), renal
(GI > 10.0%-13.7%), prostate (GI > 10.0%-14.4%), and breast (GI = 11.2%-29.1%).

2.2.2. Gl5p, TGI, and LCsy of Compound 8 and Comparison with Reference Drugs

The most potent broad-spectrum antitumor agent was Schiff base 8. The antitumor
effects were observed at five different concentrations (ten-fold dilution, 100, 10, 1, 0.1, and
0.01 uM) using 59 different types of cancer cells (Figure 2 and Tables 2 and 3). The potencies
of sorafenib, gefitinib, erlotinib, and celecoxib as reference medications were compared with
the assay results (Tables 2 and 3). In Table 3, we determined three dose-response measures
of the antitumor effect of compound 8 and the common antitumor agents for every cell
line: median growth inhibition (Glsp), total growth inhibition (TGI), and median lethal
concentration (LCsp) [19,61,68]. Furthermore, an average activity parameter for phenolic
Schiff base 8 and reference drugs was derived across all the cell lines by computing the
mean Glsy graph midpoints (Glsg MG_MID) for these parameters. With a Glsy range of
0.141-2.72 uM, derivative 8 exhibited potent antitumor potency, as shown in Tables 2 and 3.
These values were compared with those of sorafenib, gefitinib, erlotinib, and celecoxib,
with Gl values ranging from 1.26 to 3.98 uM, 0.01258 to 10.0 uM, 0.10 to 100.0 uM, and
3.98 to 63.09 uM, respectively (Table 3).
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Figure 2. Dose—response curve of compound 8.
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Table 2. Influence of compound 8 and reference drugs on the growth of the individual tumor cell

lines; median growth inhibitory (Glsg, pM).

G5 (uM)
Subpanel Tumor Cell Lines 8 Sorafenib Gefitinib Erlotinib Celecoxib
(D-830259/1) ! (747971) 1 (759856) 1 (718781) (719627) 1
Leukemia
CCRF-CEM 0.177 1.99 0.398 50.12 12.58
HL-60(TB) 0.30 1.58 1.0 25.12 15.85
K-562 0.492 3.16 2.51 31.62 10.00
MOLT-4 0.372 3.16 1.995 25.12 15.85
PRMI-8226 2.72 1.58 6.31 25.12 3.98
SR 0.141 3.16 3.16 10.00 15.85
Non-Small Cell Lung Cancer
A549/ATCC 1.34 3.16 2.51 10.00 15.85
EKVX 0.386 2.51 0.0501 0.199 19.95
HOP-62 0.189 1.99 3.16 15.85 63.09
HOP-92 0.443 1.58 0.316 3.98 NT 2
NCI-H226 0.986 1.99 3.98 39.81 NT 2
NCI-H23 1.16 1.99 2.51 31.62 15.85
NCI-H322M 0.258 2.51 0.063 0.10 19.95
NCI-H460 0.475 2.51 3.16 6.31 15.85
NCI-H522 0.36 1.99 1.0 1.00 NT 2
Colon Cancer
COLO 205 0.349 1.99 7.94 50.12 15.85
HCC-2998 0.356 3.16 2.51 79.43 15.85
HCT-116 0.263 1.58 3.16 6.31 50.01
HCT-15 0.358 2.51 3.98 3.98 15.85
HT29 0.495 1.99 3.98 63.09 15.85
KM12 0.509 1.58 10.0 79.43 15.85
SW-620 0.471 2.51 5.011 79.43 15.85
CNS Cancer
SF-268 0.252 2.51 2.51 15.84 15.85
SE-295 0.517 1.58 10.0 15.84 15.85
SF-539 0.362 1.58 10.0 19.95 19.95
SNB-19 0.831 3.16 3.16 12.58 19.95
SNB-75 0.519 3.16 5.011 12.58 15.85
U251 0.226 1.99 3.16 25.12 15.85
Melanoma
LOX IMVI 0.209 1.58 3.16 6.31 19.95
MALME-3M 0.855 1.99 3.98 1.58 19.95
Mi14 0.351 1.99 1.995 6.31 63.09
MDA-MB-435 0.558 1.58 3.16 19.95 15.85
SK-MEL-2 0.749 1.99 10.0 6.31 15.85
SK-MEL-28 0.381 2.51 3.16 50.12 15.85
SK-MEL-5 1.13 1.58 3.16 19.5 15.85
UACC-257 0.463 1.99 2.51 100 19.95
UACC-62 0.375 1.58 1.995 3.16 15.85
Quwarian Cancer
IGROV1 0.544 2.51 3.16 0.316 15.85
OVCAR-4 0.388 3.16 6.31 10.00 12.58
OVCAR-5 1.89 3.16 3.98 7.94 19.95
OVCAR-8 0.312 3.16 0.631 7.94 19.95
NCI/ADR-RES 2.58 2.51 1.26 7.94 15.85
SK-OV-3 0.45 2.51 1.0 0.50 19.95
Renal Cancer
786-0 0.358 3.16 3.16 10.00 39.81
A498 2.23 2.51 0.631 2.51 15.85
ACHN 0.513 2.51 0.158 0.199 15.85
CAKI-1 0.464 3.16 0.5012 0.199 19.95
RXF 393 1.04 2.51 3.16 3.98 15.85
SN12C 0.603 2.51 1.258 1.58 15.85
TK-10 1.05 3.98 0.794 0.251 19.95
UO-31 0.346 2.51 1.584 1.00 15.85
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G5 (uM)
Subpanel Tumor Cell Lines 8 Sorafenib Gefitinib Erlotinib Celecoxib
(D-830259/1) (747971) 1 (759856) 1 (718781) 1 (719627) 1
Prostate Cancer
PC-3 0.368 1.99 5.011 39.81 12.58
DU-145 0.685 3.16 1.584 1.99 15.85
Breast Cancer
MCEF-7 0.416 2.51 5.011 100.00 15.85
MDA-MB-231/ATCC 0.425 1.26 3.98 6.31 15.85
HS 578T 1.47 2.51 7.94 6.31 19.95
BT-549 0.569 3.16 3.16 31.62 19.95
T-47D 0.382 1.58 7.94 3.98 15.85
MDA-MB-468 0.335 1.99 0.01258 0.126 NT 2
Uhttps:/ /dtp.cancer.gov/dtpstandard /dwindex/index.jsp (accessed on 6 May 2024 ). 2 NT: Not tested.
Table 3. Average antitumor activity of compound 8 and reference drugs against tumor cell lines from
nine different organs at 10-fold dilution of five concentrations; median growth inhibitory (Glsy, M),
total growth inhibitory (TGI, uM), and median lethal (LCsy, pM) 1
Subpanel Tumor Cell Lines
Compd. No. Activit Leukemi ]I:I SC Colon CNS Mel Ovarian Renal Prostate Breast MG-MID *
(NSCQ) 3 cavity euiemia Cal::;%r Cancer Cancer elanoma Cancer Cancer Cancer Cancer
(7998156) Gls 0.70 0.622 0.40 0.451 0.563 1.03 0.826 0.527 0.599 0.501
TGI 79.88 22.08 30.53 14.14 21.64 52.90 23.37 60.80 15.22 46.8
LCso c 94.94 80.1 86.63 93.63 94.88 80.60 97.95 99.85 c
Sorafenib
(747971) Gls 191 2.34 2.19 2.33 1.87 2.89 2.86 2.58 217 2.33
TGI 42.12 7.99 7.94 7.64 6.29 14.43 10.86 10.27 9.35 9.11
LCso C 49.15 38.06 27.77 28.57 71.34 54.75 69.91 57.29 43.1
Gefitinib
(759856) Gls 2.56 2.05 5.23 5.64 3.68 3.05 141 3.29 4.67 2.1
TGI 12.07 13.86 18.47 19.62 12.49 33.29 12.50 31.62 18.62 14.3
LCso 93.85 94.68 51.74 50.56 36.40 83.58 52.82 89.72 52.47 51.9
](E;i%t;gf)’ Glso 27.85 13.11 51.68 16.99 23.74 5.52 2.46 20.90 24.72 7.68
TGI 96.57 73.76 c 82.11 77.89 7441 42.59 C 70.53 66.3
LCso C 97.71 C c 93.31 97.06 89.15 C 96.43 95.6
Celecoxib GI 12.35 25.09 20.73 17.22 2246 17.14 19.87 1422 17.49 17.5
TGI 29.27 41.93 41.39 31.62 38.49 34.20 41.19 28.37 34.89 34.0
LCso 67.09 67.08 66.51 58.76 64.31 65.91 61.22 57.01 67/03 63.3

1 GI5p, the molar concentration of the compound that inhibits 50% net cell growth; TGI, the molar concentration of
the compound leading to total inhibition; and LCsy, the molar concentration of the compounds leading to 50% net
cell death. 2 Full panel mean-graph midpoint (uM). 3 https:/ /dtp.cancer.gov/dtpstandard /dwindex/index.jsp
(accessed on 6 May 2024). c¢: compounds showed values > 100 uM.

Phenolic imine 8 exhibited notable antitumor efficacy in multiple human cancers, with
the mean Gl5 values recorded as follows: 0.70 uM for leukemia, 0.622 uM for NSCLC,
0.40 uM for colon cancer, 0.451 uM for CNS cancer, 0.563 uM for melanoma, 1.027 uM for
ovarian cancer, 0.826 uM for renal cancer, 0.527 uM for prostate cancer, and 0.599 pM for
breast cancer (Tables 2 and 3).

The mean Gl5 values for sorafenib, gefitinib, erlotinib, and celecoxib are shown in
Table 3: CNS cancer (2.33, 5.64, 16.99, and 17.22 uM, respectively); NSCLC (2.34, 2.05, 13.59,
and 25.09 uM, respectively); melanoma (1.87, 3.68, 23.74, and 22.46 puM, respectively); colon
cancer (2.19, 5.23, 51.68, and 20.73 uM, respectively); ovarian cancer (2.89, 3.05, 5.52, and
17.14 pM, respectively); renal cancer (2.86, 1.41, 2.46, and 19.87 uM, respectively); prostate
cancer (2.58, 3.29, 20.90, and 14.22, uM, respectively); and breast cancer (2.17, 4.67, 24.72,
and 17.49 uM, respectively).

A comparative analysis of the antitumor effect of 8 against standard drugs revealed
that the potency compound 8 (GIso MG_MID = 0.501 uM) was approximately four-fold
higher than sorafenib (Glsp MG_MID = 2.33 uM), three-fold higher than gefitinib
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(Glsp MG_MID = 2.1uM), eleven-fold higher than erlotinib (Glso MG_MID = 7.68 uM), and
thirteen-fold higher than celecoxib (Glsy MG_MID = 17.5uM).

2.3. In Vitro Cytotoxicity Against Normal Human Cell

To examine the therapeutic safety of the newly synthesized hybrids and assess their
selective cytotoxicity toward normal and tumor cells, a standard fibroblast-like fetal lung
cell line (WI—38) was used. In contrast, standard anticancer drugs, such as lapatinib and
staurosporine, were used. Compared with lapatinib and staurosporine, which had ICsg
values of 32.01 and 19.76 uM on normal cells, derivatives 7 and 8 showed less cytotoxicity
against WI—38 normal fibroblast cells, with ICs( values of 110.55 and 82.12 uM, respectively.

2.4. Enzymatic Inhibition Assay
EGFR/HER?2 Kinase and COX—2 Inhibition Activities [47,61,69]

The most potent Schiff bases 7 and 8 were evaluated to confirm their inhibitory potency
against the EGFR/HER?2 kinase and COX—2 enzyme. The inhibitory effects of 7, 20, and the
standard drugs erlotinib and lapatinib are presented in Table 4. The results are expressed
as ICsg (uM) as the mean of three independent experiments. The ICs; of erlotinib and
lapatinib against EGFR were 0.105 and 0.045 uM, respectively. The ICs values using HER2
were 0.085 and 0.033 pM, respectively. The ICs values of derivatives 7 and 8 against EGFR
were 0.752 and 0.166 uM, respectively, and HER2 were 0.283 and 0.464 pM, respectively.
Derivative 8 had an inhibitory effect similar to that of Erlotinib against EGFR.

Table 4. In vitro inhibitory effects of EGFR, HER2, and COX—2 of the antitumor agents.

ICs5 (uM)
Compound No. EGFR HER2 COX-2
Inhibition Inhibition Inhibition
7 0.752 £+ 0.05 0.183 + 0.011 20.86 + 0.82
8 0.166 + 0.033 0.464 + 0.018 12.76 + 0.51
Erlotinib 0.105 + 0.035 0.085 + 0.003 -
Lapatinib 0.045 + 0.002 0.033 + 0.001 -
Ibuprofen - - 3.065 £ 0.12
Celecoxib - - 2.900 £+ 0.10

On the other hand, the COX-2 inhibition assay was performed using compounds 7, 8,
celecoxib, and ibuprofen, as shown in Table 4. The ICs5( values of celecoxib and ibuprofen
were 2.90 and 3.065 uM, respectively. Compound 7 exhibited significantly low COX-2
inhibition (ICsp = 20.86), whereas derivative 8 demonstrated moderate COX-2 inhibition
(ICs0 = 12.76 uM).

2.5. Annexin V-FITC Apoptosis Assay and Cell Cycle Analysis

Apoptosis is the primary mechanism by which potent chemotherapeutic agents de-
stroy cancer cells [70,71]. To distinguish between the apoptosis and the necrosis mode of
MCEF-7 cell death caused by the most active compound 8 and reference drug Staurosporine,
we performed a cytometric analysis using the BD FACSCalibur (BD Biosciences, San Jose,
CA, USA) annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (AV/PI) dual-
staining assay (Table 5) [71]. We stained MCF-7 cells with AV /PI for 24 h at a mixed
molar concentration of 10 M using compound 8. The effects of treating MCF-7 cells with
compound 8 and Staurosporine for 24 h are presented in Figure 3 and Table 5. The early
apoptosis ratio in Figure 3 rises sharply from 0.44% in the control sample (DMSO) to
22.49% in the lower-right quadrant of the cytogram of compound 8 and 8.36% for Stau-
rosporine. Similarly, the upper-right quadrant of the cytogram shows an increase in the
late apoptosis ratio from 0.16% in the control sample to 9.59% and 21.99% in derivative
8 and Staurosporine, respectively. Rather than supporting the necrotic pathway, these
data support the apoptotic mechanism underlying the programmed cell death induced
by compound 8 and Staurosporine. Flow cytometry measured cell growth in the G0O-G1,
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S, and G2/M cell cycle phases [72]. We selected compound 8, the most active molecule in
the series, to further investigate its effects on the cell cycle progression of the MCF-7 cell
line (Figure 3 and Table 5). Staurosporine was used as a standard drug, and DMSO was a
negative control. Compound 8 was incubated in MCF-7 cells for 24 h at a concentration of
10 uM. Compound 8 interfered with the normal cell cycle of the MCEF-7 cells. An increase in
cells in the S phase (33.42%) compared with control (26.76%) suggests a significant influence
on the percentage of apoptotic cells, leading to cell cycle arrest. The rate of cells in the
G2/M phase decreased significantly from 17.43% in the control group to 14.64% (Figure 3
and Table 5). Staurosporine exhibited an increase in the S phase (31.19%) and G1 phase
(65.74%), leading to cell cycle arrest (Figure 3 and Table 5).

Table 5. Effect of compound 8 on the percentage of MCF-7 cells stained positive for annexin V-FITC
and on the cell cycle of MCE-7 cells.

Sample Total Early Late Necrosis
P Apoptosis Apoptosis Apoptosis
8 38.16 22.49 9.59 6.08
Staurosporine 34.39 8.36 21.99 4.04
DMSO 2.09 0.44 0.16 1.49
%G0-G1 %S %G2-M Comment
8 51.94 33.42 14.64 Growth arrest@ S
. Growth
Staurosporine 65.74 31.19 3.07 arrest@G1/S
DMSO 55.81 26.76 17.43
Date : 15 apr 2023 Date : 15 apr 2023
1200 7] sample : §5-32/MCF7 sample : §5-32/MCF7
800 Diploid 100%
i oo et
= . DIPs 33.42%
400 - ELY) 459
200 e
o
1] a0 80 120 160 200
FL2H 10 10 10 10 10 10
Annexin Y-FITC
1200 ] sample : STA/MCF7 sample : STA/MCF?
800 Diploid 100%

e %DIPGL 6574%
e %DIP G2/M 3-07%

Humber

600 21.99%

_— DIPS 31.19%
400 Ao 331
Aggregates : 1.71%
200 Cell debris : 2.38%
8.36%
o 1 T T
0 160 200 3 4 5
10 10 10 10 10 10
FL2ZH
Annexin V-FITC
Date: 15 apr 2023 Date : 15 apr 2023
1200 7 sample : MCF7 sample : MCF7
800 ] Diploid 100%
B
B S:DIP GL 55.81%
E 600 4 m DIPG2/M 17.33%
= — DIPS 26.76%
400 woV 9.51
Aggregates: 1.94%
200 Celldebris :  2.06%
0
0 10 80 120 160 200
—— 10 10 10 10 10 10

Annexin V-FITC

Figure 3. Effects of compound 8 (upper right panel), Staurosporine (middle right panel), and DMSO
(lower right panel) on the percentage of annexin V-FITC-positive staining in MCF-7 cells and cell
cycle analysis of MCE-7 cells treated with compound 8 (upper left panel), Staurosporine (middle left
panel), and DMSO (lower left panel).
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2.6. Apoptotic Regulators (Bax, Bcl—2, Caspase—8, and Caspase—9)

This study used MCF—7 cells and derivatives 7 and 8 at their ICsy concentrations.
We measured the apoptosis promoter Bax levels, the apoptosis inhibitor Bc/—2, and the
apoptosis coordination enzymes caspase-8 and caspase-9 [32]. Table 6 and Figure 4 illustrate
that the MCF—7 cells treated with compounds 7 and 8 expressed more Bax protein than the
untreated control cells, with fold changes of 5.02 and 5.456, respectively, compared with
the untreated control cells. The standard drugs lapatinib and staurosporine exhibited fold
changes of 7.224 and 5.987, respectively. The treatment of compounds 7 and 8 with MCF—7
significantly reduced the expression of the apoptosis inhibitor Bcl-2 protein, with fold
changes of 0.201 and 0.232, respectively, compared with lapatinib and staurosporine, which
showed fold changes of 0.278 and 0.281, respectively. Furthermore, the levels of caspase—8§
and caspase—9 were effectively increased when treating MCF—7 cells with derivatives
7 (fold changes of 5.171 and 2.99, respectively) and 8 (fold changes of 6.456 and 3.776,
respectively) compared with the untreated control. Additionally, these levels increased
when using the reference drugs lapatinib (fold changes of 2.887 and 6.745, respectively)
and staurosporine (fold changes of 4.342 and 5.034, respectively).

Table 6. Effect of compounds 7 and 8 and DMSO on Bax, Bcl-2, and Caspase-3/-9 levels inside MCF-7
cells treated with the compounds at IC5( concentrations.

Gene Expression (Fold Change)

Compound No. Bax Bcl2 Casp8 Casp9

7 5.02 0.201 5.171 2.990
- 8 5456 0232 ¢ 6456 3776
- Lapatinib 7224 0278 2887 6745
_Staurosporine 5987 0287 7 7342 5034
~ Control r o 1

Effect of compounds 7 and 8 and DMSO on Bax, Bcl-2, and Caspase-8/-9 levels inside
MCF-7 cells treated with the compounds at ICs, concentrations.

Lapatinib Staurosporine Control.

O P N W M U1 O N 0

B Gene expression (Fold Change) Bax M Gene expression (Fold Change) Bcl2

Gene expression (Fold Change) Casp8 = Gene expression (Fold Change) Casp9

Figure 4. Effect of compound 8, lapatinib, and staurosporine on Bax, Bc/—2, and Caspase—8/—9 levels
inside MCF—7 cells.

2.7. Molecular Modeling Study

Molecular modeling is a valuable technique for investigating the binding mode of
ligand molecules within receptor or enzyme-binding sites and the activity and SAR of
bioactive compounds [73].
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2.7.1. Molecular Docking Analysis

To gain insight into the mechanism of action of the selected compounds, we conducted
computational studies to investigate the potential binding modes of the most potent com-
pounds in inhibiting EGFR and HER2 proteins. In particular, by combining molecular
docking with molecular dynamics simulation, we proposed potential binding modes gov-
erning compounds 7 and 8’s strong inhibitory activity against these enzymes. Figure 5
shows the molecular docking results for compound 7. The in silico results showed that
derivative 7 can strongly interact within the EGFR binding site via a series of polar contacts
and hydrophobic interactions (Figure 5A). The compound established H-bonds with the
sidechain of T766 and the backbones of M769 and P770. In addition, hydrophobic interac-
tions with L694, V702, L768, and L820 were also detected. This docking pose accounted for
a docking score of —7.834 kcal/mol, indicating the remarkable affinity of this compound
for the selected binding site.

Q799 S L800 AM801|
B B o e Xy

Figure 5. Docked poses of compound 7 (magenta sticks) within the EGFR (panel (A), PDB ID
1M17) and HER2 (panel (B), PDB ID 3RCD) binding sites. The interacting residues at the binding
sites are indicated by lines and are labeled. The black dotted lines represent H-bonds. The pic-
tures were generated by PyMOL (the PyMOL Molecular Graphics System, v1.8; Schrodinger, LLC,
New york, NY, USA 2015).

For HER2, we observed a series of H-bonds with K753, T862, and L800. Furthermore,
hydrophobic interactions with residues V734, L796, L800, M801, and L852 were observed
(Figure 5B). A docking score of —7.648 kcal/mol indicated significant binding affinity for
the enzyme, as determined by the experimental evaluation.

Regarding compound 8, the molecular docking output exhibited similar binding
modes previously discussed for congeneric compound 7, and in particular, 8, within the
EGEFR binding site, could establish several polar and hydrophobic contacts (Figure 6A). The
methylsulfonamide moiety formed an H-bond with the sidechain of T766. In contrast, the
central region strongly targeted the backbone of residues M769 by establishing two H-bonds.
Hydrophobic interactions with residues L694, V702, L820, and P770 were detected.

Accordingly, this binding mode resulted in a docking score of —7.988 kcal/mol,
indicating a strong affinity of the compound to the selected binding site. Figure 6B illustrates
the molecular docking output of compound 8 within the HER2 binding site. Notably, the
binding mode is comparable to that of 7. The compound strongly interacted with the
binding site by targeting K753, T862, and Q799 via polar contacts. In addition, hydrophobic
contacts with residues V734, L796, L800, M801, and L852 were also observed. The docking
scores slightly differed from those of 7; thus, compound 8 showed a docking score of
—7.769 kcal /mol when HER2 was considered. The docking scores strongly indicated that
the compounds could interact with the selected enzymes, thereby significantly inhibiting
them, as observed in the in vitro tests.
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L800 ?M801‘

Figure 6. Docked poses of compound 8 (gray sticks) within the EGFR (panel (A), PDB ID 1M17) and
HER2 (panel (B), PDB ID 3RCD) binding sites. The interacting residues at the binding sites are indi-
cated by lines and are labeled. The black dotted lines represent H-bonds. The pictures were generated
by PyMOL (the PyMOL Molecular Graphics System, v1.8; Schrédinger, LLC, New York, 2015).

Lastly, we performed molecular docking calculations on the COX-2 enzyme to inves-
tigate the binding mode of the selected compounds to understand the limited inhibitory
activity against this enzyme. Figure 7A shows the docking output of compound 7 within
the COX-2 binding site. As expected, the number of contacts was particularly limited
in line with the micromolar inhibition of the enzyme, as observed in the experimental
assessment. In particular, we observed only hydrophobic interactions with the residues
at the binding site. Compound 7 can target Y355 establishing a 7-7 stacking, additional
hydrophobic interactions were observed with residues Y115, Y385, and F518. No other
appreciable contacts were observed. This binging mode resulted in a docking score of
—4.752 kcal /mol, indicating a limited affinity for the selected enzyme. Notably, the crys-
tallized ligand rofecoxib exhibited a docking score of —9.279 kcal/mol, which is in line
with the excellent inhibitory potency observed for the reference compounds. Regarding
compound 8 (Figure 7B), we observed a similar binding mode with respect to compound
7 with an additional H-bond with R120 (docking score = —5.163 kcal/mol. According
to the docking results, compound 8 also showed a limited inhibitory capacity against
COX-2, slightly better than compound 7. The computational assessment revealed that
both compounds did not present favorable binding modes or conformational energies to
guarantee strong enzyme inhibition. In fact, contrary to rofecoxib, these compounds did
not show any possibility of properly targeting residues Y385, F518, and H90, which are
crucial for strong binding to the COX-2 binding site.

Figure 7. Docked poses of compound 7 (magenta sticks, panel (A)) and 8 (gray sticks, panel (B)) within
the COX-2 (PDB ID 5KIR) binding sites. The interacting residues at the binding sites are indicated
by lines and are labeled. The black dotted lines represent H-bonds. The pictures were generated by
PyMOL (the PyMOL Molecular Graphics System, v1.8; Schrodinger, LLC, New York, 2015).
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2.7.2. Molecular Dynamic Results

Furthermore, we validated the docking output by conducting further in silico experi-
ments, and, in particular, we subjected the complexes obtained by the molecular docking
calculations to MD simulation using the Desmond software to assess the stability of the
biological systems and the stability of the retrieved binding modes. In the MD simulation
experiments, we considered targets (EGFR and HER?2) susceptible to the strong inhibitory
effects of compounds 7 and 8. In general, both compounds strongly bind the selected
targets with high stability. Furthermore, we observed small fluctuations in the selected
biological systems by analyzing the RMSD and RMSF outputs. The MD output of 7 within
the EGFR binding site is presented in Figure 8. The compound maintained the binding
mode identified by molecular docking for the entire duration of the MD simulation with
excellent stability, as indicated by the RMSD and RMSF (Figure 8A,B).
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Figure 8. (A) RMSD analysis (ligand: red line; protein: blue line; compound 7 is identified by the
in-house code ss31). (B) RMSF evaluation of the complex 7/EGEFR after a 100 ns MD simulation.
Compound 7 is shown in (C,D) during the MD run. It is possible to distinguish between four types
of interactions: H-bonds (green), ionic (magenta), hydrophobic (gray), and water bridges (blue). The
stacked bar charts are standardized over the trajectory. For example, if the contact is maintained
70% of the time during the simulation, its value is 0.7. Values > 1.0 could occur if a protein residue
uses the same subtype to bind with the ligand more than once. The diagram in the figure provides a
temporal explanation of the main interactions. The results show residues that interact with the ligand
in each trajectory frame. A deeper orange indicates several interactions between certain residues
and the ligand. The images were created using software tools from Maestro and Desmond (Maestro,
Schrodinger LLC, release 2020-3).

Furthermore, the H-bonds with T766 and P770 became sporadic, whereas the H-
bonds with M769 were strong and continuatively formed by 7 during the MD simulation.
Interestingly, the establishment of two additional water-mediated H-bonds with T830 and
D831 and an H-bond with K721 were detected. Moreover, residues L694, V702, A719, and
L820 were involved in a strong network of hydrophobic interactions (Figure 8C,D). The
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output of the MD simulation validated the potential binding mode identified by molecular
docking, indicating that 7 can inhibit EGFR.

Figure 9 illustrates the MD simulation output 7 within the HER2 binding site. In
this case, we also observed high stability of the biological complex, as indicated by the
graphs related to RMSD and RMSF (Figure 9A,B). Furthermore, the main interactions
observed in the molecular docking studies were maintained. H-bonds with K753 and
T862 were maintained but became principally water-mediated, whereas H-bonds with
L800 became sporadic. More favorable polar contacts were detected with the backbone
of L796, whereas water-mediated H-bonds with M801, R849, N850, T862, D863, and
F864 were observed. Hydrophobic interactions with residues V734, L796, and L852 were
maintained. In addition, we detected further hydrophobic interactions with L726 and F1004
(Figure 9C,D), which contributed to stabilizing the proposed binding mode and exerting
strong inhibitory capacity against the HER2 enzyme.
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Figure 9. (A) RMSD analysis (ligand: red line; protein: blue line; compound 7 is identified by the
in-house code ss31). (B) RMSF evaluation of the complex 7/HER?2 after a 100 ns MD simulation.
Compound 7 is shown in (C,D) during the MD run. It is possible to distinguish between four types
of interactions: H-bonds (green), ionic (magenta), hydrophobic (gray), and water bridges (blue). The
stacked bar charts are standardized over the trajectory. For example, if the contact is maintained
70% of the time during the simulation, its value is 0.7. Values > 1.0 could occur if a protein residue
uses the same subtype to bind with the ligand more than once. The diagram in the figure provides a
temporal explanation of the main interactions. The results show residues that interact with the ligand
in each trajectory frame. A deeper orange indicates several interactions between certain residues
and the ligand. The images were created using software tools from Maestro and Desmond (Maestro,
Schrodinger LLC, release 2020-3).
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For compound 8, the MD output of the 8/EGFR complex is presented in Figure 10.
Low RMSD and RMSF values indicate significant system stability (Figure 10A,B). Notably,
the strong H-bond network with residues T766 and M769 was maintained during the 100
ns of the MD simulation. In addition, 8 formed two relevant H-bonds with T830 and D831
(water-mediated). Furthermore, additional hydrophobic interactions, over those found by
molecular docking, with F699 and A719 can contribute to the tight binding of the protein,
inhibiting its function (Figure 10C,D).
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Figure 10. (A) RMSD analysis (ligand: red line; protein: blue line; compound 8 is identified by the
in-house code ss32). (B) RMSF evaluation of the complex 8/EGEFR after a 100 ns MD simulation.
Compound 8 is shown in (C,D) during the MD run. It is possible to distinguish between four types
of interactions: H-bonds (green), ionic (magenta), hydrophobic (gray), and water bridges (blue). The
stacked bar charts are standardized over the trajectory. For example, if the contact is maintained
70% of the time during the simulation, its value is 0.7. Values > 1.0 could occur if a protein residue
uses the same subtype to bind with the ligand more than once. The diagram in the figure provides a
temporal explanation of the main interactions. The results show residues that interact with the ligand
in each trajectory frame. A deeper orange indicates several interactions between certain residues
and the ligand. The images were created using software tools from Maestro and Desmond (Maestro,
Schrodinger LLC, release 2020-3).

The MD output of the 8/HER2 complex is shown in Figure 11. As observed for the
other complexes, this complex was stable for 100 ns of the MD simulation (Figure 11A,B).
Compound 8 maintained H-bonds with K753, T862, and Q799, although they became
water-mediated, whereas more favorable polar contacts with K756, D863, and G865 were
established. In addition, hydrophobic contacts with residues V734, L796, L800, M801,
and L852 were maintained, and additional contacts were observed with K753 and F1004
(Figure 11C,D). Accordingly, the computational output confirmed the strong potential of 8
against HER2.
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Figure 11. (A) RMSD analysis (ligand: red line; protein: blue line; compound 8 is identified by the
in-house code ss32). (B) RMSF evaluation of the complex 8/HER?2 after a 100 ns MD simulation.
Compound 8 is shown in (C,D) during the MD run. It is possible to distinguish between four types
of interactions: H-bonds (green), ionic (magenta), hydrophobic (gray), and water bridges (blue). The
stacked bar charts are standardized over the trajectory. For example, if the contact is maintained
70% of the time during the simulation, its value is 0.7. Values > 1.0 could occur if a protein residue
uses the same subtype to bind with the ligand more than once. The diagram in the figure provides a
temporal explanation of the main interactions. The results show residues that interact with the ligand
in each trajectory frame. A deeper orange indicates several interactions between certain residues
and the ligand. The images were created using software tools from Maestro and Desmond (Maestro,
Schrodinger LLC, release 2020-3).

3. Conclusions

Five Schiff bases (7-11) containing methanesulfonamide were synthesized and tested
for their antitumor properties against 59 different cell lines at a concentration of 10 pM.
Derivatives 7 and 8 showed the most potent antitumor action, with positive cytotoxic
effects of 54/59 and 59/59 and mean growth percentages of 67.3% and 19.5%, respec-
tively, compared with imatinib (PCE = 20/59 and MG% = 92.6%). Schiff base 8 was the
most potent antitumor agent among the five evaluated compounds, with the highest
potency in suppressing cell proliferation by an average of 50% at a dosage of 0.501 pM.
The assay results were compared with sorafenib, gefitinib, erlotinib, and celecoxib po-
tencies. The antitumor effect of derivative 8 was five-fold higher than that of sorafenib
(MG_MID = 2.33 uM), four-fold higher than gefitinib (MG_MID = 2.1 uM)), fifteen-fold
higher than erlotinib (MG_MID = 7.68 uM), and thirty-four-fold higher than celecoxib
(MG_MID = 17.5 uM). Schiff bases 7 and 8 inhibited the EGFR/HER2 kinase and COX-
2 enzymes. They exhibited significant HER2 inhibition at ICsy values of 0.183 uM and
0.464 pM. Their EGFR inhibition was also substantial, as evidenced by their respective ICsg
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values of 0.166 pM and 0.752 pM. Compound 8, with an ICsq of 12.76 uM, had the highest
COX-2 inhibition. The effects of compounds 7 and 8 on MCF-7 cells on Bax, Bcl-2, caspase-8,
and caspase-9 were examined. The results showed that compounds 7 and 8 raised the
levels of caspase-8 and caspase-9 in MCF-7 cells compared to standard drugs lapatinib
and staurosporine. They also raised the levels of Bax protein expression and lowered the
levels of Bcl-2 protein expression. Also, compound 8 interfered with the normal cell cycle,
increasing the percentage of apoptotic cells and causing cell cycle arrest. Compounds 7 and
8 were computationally investigated using molecular docking and molecular dynamics in
the binding sites of EGFR and HER2 to determine the binding mode and molecular features
necessary for these compounds’ interaction with the corresponding enzymes or receptors.

4. Experimental
4.1. Chemistry

Following our previous study, we synthesized Schiff bases 7-11 [66]. We identified the
chemical structures using NMR, IR, and mass spectroscopy.

4.2. Biological Evaluation
4.2.1. In Vitro Antitumor Assay

The Drug Evaluation Branch of the National Cancer Institute, Bethesda, MD, USA,
performed the antitumor assay using fifty-nine human tumor cell lines from nine human
tissues. As described in our previous reports, we calculate compound 8’s three dose—
response parameters—Glsy, TGL, and LCs (Supplementary Materials) [68].

4.2.2. In Vitro Cyclooxygenase (COX) Inhibition Assay

Following the guidelines provided by the manufacturer’s instructions, we employed
the colorimetric COX-2 inhibition assay (kit catalog number 560101, Cayman Chemical, Ann
Arbour, MI, USA) to assess the inhibitory power of celecoxib and the evaluated derivatives
on the COX-2 isozyme (Supplementary Materials) [69].

4.2.3. EGFR and HER?2 Tyrosine Kinases Assay

As mentioned in the previous reports, we performed the EGFR and HER2 enzyme
inhibition assays. In the experiments, we used the most potent antitumor, Schiff bases 7
and 8, to inhibit the EGFR and HER2 enzymes (Supplementary Materials) [47,61].

4.2.4. Apoptosis Assay
Following our previous study, we used the MCEF-7 cell line and a well-known Annexin

5-FITC/PI detection kit to induce apoptosis. The FACSCalibur flow cytometer was used to
analyze the cell line samples (Supplementary Materials) [47,71].

4.2.5. Cell Cycle Analysis
Using the MCF-7 cell line, the cell cycle analysis was carried out like our previous

investigation. A FACSCalibur flow cytometer was used to analyze the cells after they had
been stained with DNA fluorochrome PI (Supplementary Materials) [47,72].

4.2.6. Apoptotic Markers Assay

The apoptotic marker method was carried out using the reported procedure using
MCE-7, the cancer cell line (Supplementary Materials) [32].

4.3. Molecular Docking Computation

Compounds 7 and 8 were developed in Maestro (Maestro, Schrodinger, LLC, New
York, NY, USA, 2020, release 3, version 12.5) using dedicated drawing tools. The com-
pounds were minimized using OPLS3 as a force field [74] (MacroModel, Schrodinger, LLC,
New York, NY, USA, 2020, version 12.9) with GB/SA as the solvation model to simulate
the solvent effect (no cutoff was utilized). The PRCG method (5000 maximum iterations)
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was utilized with a gradient convergence threshold of 0.001. The resulting structures were
treated using LigPrep (LigPrep, Schrodinger, LLC, New York, NY, USA, 2020, version 2.5)
to obtain the potential ionization states of 7 and 8 at physiological pH (7.4 & 0.2) and to pre-
vent possible errors in the corresponding chemical structures [75]. The three-dimensional
structures of the target enzymes hEGFR, HHER2, and hCOX-2 were downloaded from the
protein data bank (PDB IDs 1M17, 3RCD, and 5KIR, respectively). The biological complexes
were imported into Maestro, and after removing the substances employed in the crystalliza-
tion procedure, they were treated utilizing the Protein Preparation Wizard implemented
in Maestro Suite, as previously described [76,77], to obtain suitable initial structures for
further in silico investigations. Molecular docking calculations were performed by the
Glide software (Glide, Schrodinger, LLC, New York, NY, USA, 2020, version 8.8) and stan-
dard precision (SP) was used [78,79]. Energy grids were built using a cubic box centered
on the crystallized inhibitors (atom scaling factor 1.0 A) with default settings without
constraint. Compounds were docked, and 50 poses were included in the post-docking
minimization step.

4.4. Molecular Dynamic Methodology

The MD simulation studies were conducted using the Desmond software with Mae-
stro 12.6 (Desmond Molecular Dynamics System 6.4 academic version, D. E. Shaw Re-
search (“DESRES”), New York, NY, USA, 2020. Maestro-Desmond Interoperability Tools,
Schrodinger, New York, NY, USA, 2020). Suitable biological systems (7/hEGFR, 7/hHHER?2,
8/hEGFR, and 8/HHER?2) were obtained using the system builder tool provided by Desmond.
Via this tool, the ligand /protein structures were positioned in an orthorhombic box and
solvated with water molecules (TIP3P) at a salt physiological concentration of 0.15 M (Na*
and Cl~ ions were added) [80,81]. The CUDA API technology on two NVIDIA graphics
processing units (GPUs) was employed to perform the MD calculations utilizing the OPLS
force field [74]. The MD simulation studies were conducted by using the ensemb]e class
NPT (constant number of particles, pressure (1.01325 bar) and temperature (300 K)) with
the RESPA integrator [82]. The temperature and pressure were maintained constant by
the Nose-Hoover thermostat technique [83] and the Martyna—Tobias—Klein method [84].
The particle-mesh Ewald technique (PME) was used to compute long-range electrostatic
interactions, whereas van der Waals and short-range electrostatic interactions were settled
at 9.0 A [85]. Each system was gradually relaxed and brought to equilibrium using a
default procedure that included several constrained minimizations and MD simulations.
The simulation analysis tools in Desmond were used to analyze the MD outputs.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/1jms252413621/s1. References [47,68,71,72,86-97] are cited in
Supplementary Materials file.
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