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ARTICLE INFO ABSTRACT
Keywords: In this study, a series of seven novel 2,4-dioxothiazolidine derivatives with potential anticancer
Drug design and VEGFR-2 inhibiting abilities were designed and synthesized as VEGFR-2 inhibitors. The
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synthesized compounds were tested in vitro for their potential to inhibit VEGFR-2 and the growth
of HepG2 and MCF-7 cancer cell lines. Among the compounds tested, compound 22 (ICso = 0.079
uM) demonstrated the highest anti-VEGFR-2 efficacy. Furthermore, it demonstrated significant
anti-proliferative activities against HepG2 (ICso = 2.04 £+ 0.06 pM) and MCF-7 (ICsp = 1.21 +
0.04 M). Additionally, compound 22 also increased the total apoptotic rate of the MCF-7 cancer
cell lines with cell cycle arrest at S phase. As well, computational methods were applied to study
the VEGFR-2-22 complex at the molecular level. Molecular docking and molecular dynamics
(MD) simulations were used to investigate the complex’s structural and kinetic characteristics.
The DFT calculations further revealed the structural and electronic properties of compound 22.
Finally, computational ADMET and toxicity tests were performed indicating the likeness of the
proposed compounds to be drugs. The results suggest that compound 22 displays promise as an
effective anticancer treatment and can serve as a model for future structural modifications and
biological investigations in this field.
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1. Introduction

Cancer stands as one of the most formidable and pervasive challenges confronting human health worldwide [1]. Its multifaceted
nature, diverse manifestations, and impact on individuals and communities underscore the urgency for continued research, innova-
tion, and targeted therapeutic interventions [2-6]. One of the most crucial targets in cancer treatment is angiogenesis, the process of
forming new blood vessels. It plays a pivotal role in the spread of cancer and is considered a hallmark of various types of cancer [7].
Angiogenesis driven by the activation of various signaling systems that facilitate the creation of new blood capillaries from existing
vasculature [8]. In the context of tumor angiogenesis, tyrosine kinases (TKs), particularly VEGFR-2, are key regulators. VEGFR-2,
which is often over-expressed in cancer cells, triggers a series of downstream signals that enhance the angiogenesis and potentiate
cancer cell survival, growth, and proliferation [9]. Consequently, inhibiting or reducing VEGFR-2 signaling has become a crucial
strategy in the quest for novel treatments for angiogenesis-dependent malignancies [9-11]. Numerous experimental cancer models
have demonstrated the ability of thiazolidine-2,4-diones (TZDs) to inhibit tumor angiogenesis, alter the cell cycle, induce cell dif-
ferentiation, and promote apoptosis, in addition to their known anticancer effects [12,13]. Through in vitro models, TZD derivatives
have been shown to effectively inhibit angiogenesis and act as anticancer agents by targeting VEGFR-2 and reducing VEGF synthesis
[14]. Given its pivotal role in angiogenesis, VEGFR-2 remains a critical target for anti-angiogenic cancer treatment. Several potent
VEGFR-2 inhibitors, including Sunitinib and Sorafenib, have been developed and approved for antiangiogenic therapy in various
malignancies [15,16]. Building on our prior research in designing VEGFR-2 inhibitors [17-21], this study introduces a novel series of
thiazolidine-2,4-dione derivatives. These compounds were developed and synthesized based on the primary pharmacophoric char-
acteristics of VEGFR-2 inhibitors.

1.1. Rational

VEGFR-2 inhibitors are a group of small molecules that bind to the ATP-binding region of the receptor and prevent lym-
phangiogenesis and angiogenesis [22]. Although the FDA has approved a number of VEGFR-2 inhibitors, significant research is still
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Fig. 1. Some reported VEGF and VEGFR-2 inhibitors with their basic pharmacophoric features.
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being done to find new VEGFR-2 inhibitors in order to circumvent the limitations of currently prescribed medications. A pyridine
derivative known as sorafenib II effectively inhibits VEGFR-2 [23]. A derivative of isatin called sunitinib III has the potential to be
anticancer and has dual inhibitory effect against PDGFR and VEGFR-2 [24]. The indole derivative acirizanib IV exhibits a potent
VEGFR-2 inhibitory action with minimal systemic exposure [25]. Through the suppression of VEGFR-2, the isatin derivative vorolanib
V shows good tumor-inhibitory effects [26]. It has less side effects and a broad range of activity [27] (Fig. 1).

VEGFR-2 inhibiting drugs have some pharmacophoric structural features that are essential for binding with the ATP binding inside
the VEGFR-2 binding site [3,28-32]. The features comprise a hetero aromatic structure that occupy the hinge region of the active site
to form an essential hydrogen bandwith Cys917 [29]. In addition, the features should involve a spacer moiety to occupy the area
between the hinge region and the DFG domain [33]. Furthermore, a very essential moiety called pharmacophore should be included in
the VEGFR-2 inhibitors to occupy the DFG motif region. The pharmacophore moiety should contain at least one hydrogen bond
acceptor (HBA) and one hydrogen bond donor (HBD) groups. The hydrogen bond forming groups have a critical role through the
formation of hydrogen bonding interactions Glu883 and Asp1044 [34]. Lastly, the panel of pharmacophoric features should comprise a
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Fig. 2. Strategy of molecular design of the new VEGFR-2 inhibitors.
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hydrophobic tail to occupy allosteric hydrophobic pocket of VEGFR-2 forming many hydrophobic interactions [35] (Figs. 1 and 2).

In this work, we aimed at the design of new molecules that have the pharmacophoric features of VEGFR-2 inhibitors depending on a
ligand-based drug design approach [36-39]. As shown in Fig. 2, different chemically active moieties were utilized to generate new
compounds that can accommodate easily in the active pocket of VEGFR-2. At first, two (Z)-5-benzylidenethiazolidine-2,4-dione de-
rivatives were used to act as hetero-aromatic systems and capable of occupying the hinge region of the active site. These derivatives are
(Z)-5-(2-chlorobenzylidene)thiazolidine-2,4-dione and (Z)-5-(2,4-dichlorobenzylidene)thiazolidine-2,4-dione. Then, N-phenyl-
acetamide moiety was tended to attach the (Z)-5-benzylidenethiazolidine-2,4-dione derivatives to act as a linker moiety and occupy
the gatekeeper site. Next, three functional groups were used as a pharmacophore moiety. These groups are amide, hydrazide, and
diamide moieties. Each of them has at least one HBA and one HBD atoms to form hydrogen bonding with Glu883 and Asp1044 inside
the DFG motif. Finally, variety of substituted phenyl rings represent the hydrophobic tail to be inoculated in the allosteric pocket of the
active site.

2. Results and discussion
2.1. Chemistry

The synthetic strategy employed to synthesize the desired 5-benzylidenethiazolidine-2,4-dione derivatives 18-24 was represented
in Schemes 1, 2, 3, and 4. The benzylidene intermediates 5a,b were synthesized by reacting different aldehydes 4a,b with thiazolidine-
2,4-dione 3 in dry toluene in presence of piperidine. Subsequently, derivatives 5a,b were converted into the corresponding potassium
salts 6a,b by the reaction with potassium hydroxide in ethanolic medium (Scheme 1).

The key intermediates 11, 13, and 17a-c were then synthesized through multiple steps; firstly, 4-(2-chloroacetamido)benzoic acid
8 underwent an an acylation reaction with thionyl chloride in the presence of a catalytic amount of N,N-dimethylformamide to give 4-
(2-chloroacetamido)benzoyl chloride 9. In the second step, the derivative 9 was allowed to react with different amine derivatives
namely, phenyl hydrazine 10, 3-chloroaniline 12 and benzohydrazides 16a-c to afford the key intermediate 11, 13, and 17a-c,
respectively (Scheme 2).
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Scheme 1. Synthesis of the key starting materials 6a,b.
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Finally, the target compounds 18-24 were obtained, with good yields ranging from 65 to 86 %, by reacting potassium salts (6a,b)
with the key intermediate 11, 13, and 17a-c in refluxing DMF (Schemes 3 and 4).

The target 5-benzylidenethiazolidine-2,4-dione derivatives 18-24 were confirmed structurally by elemental and spectral analyses.
The 'H NMR spectra revealed singlet signals around § 10.97-10.31 ppm for the protons of the NH groups in all compounds.
Furthermore, singlet signals for benzylidine and methylene protons in the range of § 8.12-8.03 ppm and § 4.63-4.61 ppm, respectively
were noticed in all compounds. In addition, 'H NMR spectra for derivatives 20 and 24 showed another singlet signal for the OH group
at 511.93 and 5 11.90 ppm, respectively. Moreover, 13C NMR spectra confirmed the presence of the carboxylic C=0 functionalities at
the range of 5 168.25-164.67 ppm for the target derivatives. Furthermore, >C NMR spectra for all compounds showed a signal at &
44.78-44.74 ppm for the methylene carbon.

2.2. Biological evaluation

2.2.1. In-vitro anticancer effects

The MTT assay was used to explore the anti-proliferative properties of the target thiazolidine-2,4-dione derivatives 18-24 against
two tumor cell lines (HepG2 and MCF-7) [40]. Sorafenib, a reference cytotoxic drug, was applied in this experiment. The cytotoxicity
outcomes was shown in Table 1 and expressed as ICsq values. Generally, all the tested members demonstrated promising cytotoxic
activities ranging from 0.60 to 4.70 pM against HepG2 and MCF-7 cell lines.

In details, all the tested members exhibited cytotoxic effects on MCF-7 (ICsg values ranging from 0.65 to 2.29 pM) that were su-
perior to those of sorafenib (ICsg = 3.17 + 0.01 pM). As well, compounds 20 (ICso = 1.14 & 0.03 pM), 21 (IC5o = 0.84 + 0.01 pM), 22
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Scheme 2. Synthesis of the key intermediates 11, 13, and 17a-c.
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Scheme 4. Synthesis of the target compounds 21-24.
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Table 1
In vitro cytotoxic and inhibitory activities of the target compounds against HepG2 and MCF-7 cell
lines.
Comp. HepG2 ICso (1M)* MCF-7 ICso (pM)*
18 4.7 +£0.1 1.76 + 0.02
19 3.06 £+ 0.02 2.29 +£0.19
20 1.14 £ 0.03 0.66 + 0.03
21 0.84 + 0.01 0.68 + 0.01
22 2.04 £ 0.06 1.21 +£0.04
23 1.18 £ 0.01 0.95 £+ 0.01
24 0.6 + 0.02 0.65 £+ 0.01
Sorafenib 2.24 + 0.06 3.17 £ 0.01

2 The results are the mean of three experiments.
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(ICs0 = 2.04 + 0.06 pM), 23 (IC50 = 1.18 £ 0.01 pM), and 24 (ICso = 0.6 + 0.02 pM) showed cytotoxic activities against HepG2
surpassing that of sorafenib (ICso = 2.24 + 0.06 pM).

2.2.2. In vitro VEGFR-2 enzyme assay inhibition

The potential of the thiazolidine-2,4-dione derivatives 18-24 to inhibit VEGFR-2 was the main focus of our work. The positive
control in this experiment was sorafenib. To express and assemble the findings of VEGFR-2 inhibition, growth inhibitory concentration
(ICs0) values were employed (Table 2).

The strongest VEGFR-2 inhibitor in this study was compound 22, as seen in Table 2. Its ICs¢ value of 0.079 + 0.003 pM was
comparable to that of sorafenib (ICso = 0.046 + 0.002 pM). Next, compounds 19 (ICso = 0.323 £ 0.014 pM), 20 (IC5¢ = 0.21 + 0.009
pM), 23 (IC50 = 0.328 + 0.014 pM), 24 (IC5p = 0.203 + 0.009 pM) showed good VEGFR-2 inhibitory activity. Finally, compounds 18
(ICs0 = 2.661 + 0.112 pM) and 21 (IC5p = 1.662 + 0.07 uM) revealed moderate inhibitory actions against VEGFR-2.

2.2.3. Structure-activity relationship (SAR)

Depending the results of VEGFR-2 inhibitory activities, we can catch a valuable SAR. First, the effect of substitution on (2)-5-
benzylidenethiazolidine-2,4-dione moiety with mono-chloro and di-chloro atoms. Comparing the activity of compounds 20 (ICsy =
0.210 + 0.009 pM) with that of compound 24 (IC5¢ = 0.203 £ 0.009 pM), and the activity of compound 19 (ICso = 0.323 + 0.014 pM)
with that of compound 23 (IC5y = 0.328 + 0.014 uM), it was observed that the activities of each pairs of compound are almost the
same. This indicated that the substitution with mono-chloro or di-chloro atoms has non-significant effect on the VEGFR-2 inhibitory
activities.

Then, the effect of different pharmacophore moieties was investigated. Observing the activity of compounds 21 (incorporating an
amide moiety, ICso = 1.662 + 0.07 uM), 23 (incorporating a diamide moiety, ICso = 0.328 + 0.014 pM), and 18 (incorporating a
hydrazide amide moiety, ICsg = 2.661 + 0.112 pM), indicated that compound 21 more active than compound 23, and the latter is
more active than compound 18. This revealed that the positive effect of the pharmacophore moieties can be arranged descendingly as
amide > diamide > hydrazide.

Next, the effect of the substitution on the terminal phenyl ring (hydrophobic tail) was examined. The unsubstituted phenyl-
containing compound 22 (IC5p = 2.661 + 0.112 pM) showed a higher activity than the hydroxyl phenyl-containing compound 24
(IC50 = 0.203 + 0.009 pM). The latter exhibited a higher activity than the chloro phenyl-containing compound 23 (ICso = 0.328 +
0.014 pM). These findings indicated the unsubstituted phenyl ring may give a higher activity than the substituted phenyl ring with
electron donating group, which may produce a higher activity than the substituted phenyl ring with electron withdrawing group (H >
OH > CD) (Fig. 3).

2.2.4. In vitro safety assay (selectivity index)

The selectivity of anticancer agents toward the cancer cells is a crucial issue during the discovery of new active agent [41].
Therefore, the toxicity of the most promising compound 22 against normal (Vero) and its selectivity against tumor cells was evaluated
(Table 2).

Compound 22 showed a low toxicity against normal cells showing an ICsy value of 3.97 + 0.05 pM. To calculate the selectivity
indices of compound 22 toward HepG2 and MCF-7, The ICs( value against Vero cells was divided on both the ICsy values against
HepG2 and MCF-7 cells. The results revealed that compound 22 has a higher selectivity toward MCF-7 (3.28) than HepG2 (1.95).

2.2.5. Cell cycle analysis

Eukaryotic cells undergo a well regulated process of replication through a succession of cell cycles. Anti-proliferative drugs inhibit
one or more cell cycle checkpoints, which can result in cell cycle arrest and the activation of apoptosis. This slows the development of
cancer cells. Finding the precise cell cycle stages at which arrest occurs is a vital step in the development of novel medications for the
treatment of cancer [42].

In the current study, 1.21 pM (ICsg) of compound 22 was added to MCF-7 cells, and the cell cycle was then examined for any
variations in comparison to untreated MCF-7 cells. The findings demonstrated that compound 22 triggered stop in MCF-7 cell growth
in the S phase (Table 3, Fig. 4, and Fig. S1). Precisely, compound 22 significantly reduced the percentage of MCF-7 cells in the G2/M

Table 2
In vitro inhibitory activities of the thiazolidine-2,4-dione de-
rivatives 18-24 against VEGFR-2.

Comp. In vitro VEGFR-2 ICso (pM)*
18 2.661 + 0.112

19 0.323 + 0.014

20 0.21 £ 0.009

21 1.662 + 0.07

22 0.079 + 0.003

23 0.328 + 0.014

24 0.203 + 0.009

Sorafenib 1.46 0.002

@ The results are the mean of three experiments.
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Fig. 3. SAR studies of the synthesized compounds as VEGFR-2 inhibitors.

stage (from 16.35 % to 13.77 %) and GO-G1 stage (from 59.04 % to 52.39 %), while significantly increased the cell population at the S
phase (from 24.61 % to 33.84 %). This test demonstrated compound 22’s ability to stop the cell cycle at the S phase.

2.2.6. Apoptosis induction

The Annexin-V/propidium iodide staining test was employed to assess the apoptotic effect of compound 22 at a dosage of 1.21 pM
on MCF-7 cells. Table 4, Fig. 5, and Fig. S2 showed that compound 22 significantly increased both early and late apoptosis in MCF-7
cells, with percentages of 22.15 % and 13.53 %, respectively, compared to untreated cells at 0.29 % and 0.15 %. This indicates that
compound 22 can upsurge early apoptosis in MCF-7 cells by about 76 times and late apoptosis by about 90-fold when compared to
untreated cells.

2.2.7. The effect of compound 22 on MCF-7’s migration and healing

A wound healing is an additional technique used in this study to evaluate the effect of compound 22 on the migration and healing of
MCF-7 cancer cells. In this in vitro method, a scratch was made on a monolayer of MCF-7 cancer cells, its initial diameter was measured,
and its closure was observed for both treated and untreated cells at specified intervals (0, 24, and 48 h). The pictures of the scratch
areas on treated and untreated cell lines were compared.

The results (shown in Table 5 and Fig. 6) indicate that the scratch created by the untreated MCF-7 cells dramatically narrowed by
81.62 % after 48 h. However, compound 22 treatment on MCF-7 cells resulted in a 30.20 % reduction in scratch width, indicating that
the compound 22 significantly supressed the growth of MCF-7 cells.

2.3. Computational studies

2.3.1. Molecular docking

Molecular docking experiments were executed utilizing the Molecular Operating Environment (MOE, 2019) software to find out
the binding modes and energy scores of the obtained thiazolidine-2,4-dione compounds, 18-24, with the ATP pocket of VEGFR-2. The
X-ray crystallographic structure of the VEGFR-2 (PDB ID: 20H4) was obtained from PDB. The co-crystallized ligand was docked again
in the VEGFR-2 active site to validate the docking technique. The co-crystallized and docked ligands were overlaid with an RMSD of
0.84 A, indicating the precision of the docking job (Fig. 7).

The synthetic thiazolidine-2,4-dione derivatives 18-24 exhibited a binding pattern that was largely similar to sorafenib’s. Table 6
and Fig. 8 A-H displayed the energy scores and emphasized the binding patterns of the synthesized derivatives 18-24. In line with the
docking outcomes, all members had the same aptitude to ascertain the VEGFR-2 binding site and bond with its essential amino acids in
a similar way to sorafenib. More specifically, the active site’s hinge region was occupied by the 5-benzylidenethiazolidine-2,4-dione
motif of compounds 18-24 made crucial bonding with the amino acid Cys917. Also, the phenylacetamide linker was also steered into
the gatekeeper region, resulting in hydrophobic interactions with Val897, Val914, and Cys1043. The amide, diamide, and hydrazide
groups of the synthesized candidates served as pharmacophore moieties and achieved two significant bonds with Glu883 and Asp1044

Table 3
In vitro cytotoxicity of compound 22 against Vero cells and its selectivity index against HepG2, and HCF-7 cell lines.
Compound Vero ICsp (uM)* Selectivity index
HepG2 MCF-7
22 3.97 +£ 0.05 1.95 3.28

2 The results are the mean of three experiments.
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Fig. 4. Cell cycle analysis of MCF-7 cells treated with compound 22 at a concentration of 1.21 pM.
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Table 4
Cell cycle analysis of 22/MCF-7 at the concentration of 1.21 pM for 72 h.
Sample Cell cycle distribution (%)"
G0-G1 S G2/M
22 treated MCF-7 cells 52.39 33.84 13.77
Control MCF-7 cells 59.04 24.61 16.35

@ Values are reported as mean of three different experiments.
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Fig. 5. Apoptosis analysis of MCF-7 cells treated with compound 22 at a concentration of 0.53 uM for 72 h.

Table 5
Effect of compound 22 on stages of the cell death process in MCF-7 cells after 72 h treatment.

Sample Viable" (Left Bottom) Apoptosis” Necrosis” (Left Top)
Early (Right Bottom) Late (Right Top)

Control MCF-7 cells 2.66 0.29 0.15 2.22

22 treated MCF-7 cells 41.02 22.15 13.53 5.34

@ Values are reported as mean of three different experiments.
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Fig. 6. The effect of compound 22 on MCF-7’s migration and healing after 48 h.

Fig. 7. Docked ligand (orange) superimposed on co-crystallized ligand (pink) in the VEGFR-2 active site. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 6
The effect of compound 22 on MCF-7’s migration and healing after 48 h.
Item atOh at24 h at48 h RMum  Wound closure % Area difference
area width area width area width um® %
Untreated MCF-7 cells 975.00 974.11 645.50 644.43 179.17 178.24 16.58 81.62 795.83
Treated MCF-7 cells with compound 979.67 978.78 905.17 904.16 683.83 682.93 6.16 30.20 295.83
22

in the DFG motif region. Finally, the hydrophobic side chains of compounds 18-24 were able to interact with the hydrophobic side
chains of the I1e886, Leu887, 11e890, Val896, Val897, Leul017, and Ile1042 residues lining the back pocket of VEGFR-2, which
allowed the compounds’ hydrophobic substituents to achieve maximal fitting in the allosteric hydrophobic pocket in the active site.

2.3.2. In silico ADME analysis

The growing significance of predictive ADMET (absorption, distribution, metabolism, excretion, and toxicity) has been under-
scored in the field of medicinal chemistry and drug discovery [43]. Today, a diverse array of techniques, including high-throughput
assay development and structure-based ADMET prediction, contribute to this field [44]. In silico ADMET studies help in identifying
compounds with optimal pharmacokinetic properties, improving the chances of successful translation from preclinical to clinical
stages [45]. Timely assessment of the ADMET properties of new compounds during early stages of drug development is paramount to
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prevent late as well as market withdrawal [46].

In this study, we employed computational methods utilizing Discovery Studio software to evaluate the ADMET profile of the
synthesized thiazolidine-2,4-diones. Detailed findings are presented in Table 7 and Fig. 9. In general, the synthesized thiazolidine-2,4-
diones displayed acceptable ranges within the ADMET profile. Notably, their projected negligible blood-brain barrier (BBB) pene-
tration suggests potential safety concerning central nervous system (CNS) effects. Furthermore, the thiazolidine-2,4-diones were
predicted to exert no inhibitory effects on CYP2D6, indicating anticipated liver safety. All compounds were expected to have poor
human intestinal absorption levels. While, except for compounds 21 and 23 (showed very low aqueous solubility levels), the rest of
thiazolidine-2,4-diones showed low aqueous solubility levels. Finally, it was anticipated that all compounds, except compound 20
would bind plasma proteins at quantities exceeding 90 %.

2.3.3. Toxicity studies

The utilization of in silico methods has become pivotal in the field of drug development due to their ability to minimize the reliance
on time-consuming in vitro and in vivo experiments, resulting in reduced delays [47]. In this study, we employed the Discovery Studio
software to evaluate the toxicity profile of the synthesized compounds. The results obtained from seven toxicity models, presented in
Table 8 and a comprehensive data description was supplied in the Supplemental Data (Table 9).

Remarkably, all the synthetic compounds exhibited a non-mutagenic and non-carcinogenic nature, as predicted by the Ames test
and FDA carcinogenicity rodent models. Comparing sorafenib (14.244 mg/kg/day), the calculated carcinogenic potency TDs, values
of the thiazolidine-2,4-diones ranged from 9.508 to 71.936 mg/kg/day. Moreover, all the thiazolidine-2,4-diones were predicted to
possess oral LDsg values higher than sorafenib (0.823 g/kg), with a range of 1.378-3.625 g/kg. Furthermore, the calculated LOAEL
values of the thiazolidine-2,4-diones, ranging from 0.011 to 0.035 g/kg, surpassed those of sorafenib (0.005 g/kg). Lastly, it was
projected that the synthesized thiazolidine-2,4-diones would exhibit no dermal irritation (DI) and cause only mild ocular irritation
(OoD.

2.3.4. Molecular dynamic (MD) simulations

After roughly 50 ns, the RMSD for the apo protein (Fig. 10A: Blue Line) eventually stabilized at around 3.2 A. The holo protein, on
the other hand, displays a more or less consistent tendency throughout the simulation. It shows an average of 1.9 A for the first 60 ns,
then an increase in the values until it stabilizes at 2.8 A over the final 50 ns (Fig. 10A: Red Line). According to the RMSF values, the
difference between the two averages is attributable to the increased mobility of the Ile1042:Trp1069 loop in the apo protein compared
to the holo protein (Fig. 10F). During the simulation, the RMSD of compound 22 (Fig. 10B) shows a consistent conformation beginning
about 40 ns with an average of 4.5 A. This high average is due to a change in the ligand’s structure while in the binding pocket, as
shown in the inset of Fig. 10B. According to Fig. 10C, the apo system and the holo system have RoG averages that are almost com-
parable with a difference of around 0.5 A. Similarly, the average SASA values for apo and holo proteins vary by just around 500 A2
(Fig. 10D). According to Fig. 10E, the apo and holo systems have almost the same number of H-bonds on average (69 bonds). Overall,
this seems to show that both proteins are stable and that neither undergoes any significant structural changes throughout the simu-
lation. Furthermore, the oscillations of the C-alpha atoms in the Ile1042:Trp1069 loop between the RMSFs of the two systems varied by
5 A, with the apo protein having the highest RMSF of 8 A (Fig. 10F). The fact that compound 22 has a consistent average distance
between the protein and ligand centers of mass (approximately 7.4 A) indicates that the interaction is steady (Fig. 10G).

The different components of the binding free energy computed using the MM-GBSA approach was depicted in Fig. 11. The fact that
compound 22 has a binding energy of —37.54 kcal/mol indicates that there is considerable interaction between the two entities. van
der Waals contacts seem to be more important than electrostatic interactions in the process of establishing binding stability (—57.38
Kcal.mol'vs. —18.58 kcal mol~!). We were able to identify the contributions produced by amino acids that are within 0.5 nm of
compound 22 utilizing decomposition analysis (Fig. 12). The amino acids Leu838 (—1.56 kcal mol ™), Val846 (—1.42 keal mol™),
Leu866 (—1.21 kcal mol™), Leu887 (—1.56 keal mol™1), Val897 (—1.29 keal mol™1), Val914 (1.17 keal mol ™), Leu1033 (—1.4 keal
mol ™), Cys1043 (—2.75 kcal mol 1), Phe1045 (—3.18 kecal mol™!) and Arg1049 (—1.42 kcal mol 1) are the ones that are within 0.5
nm and have a share of better than —1 kcal/mol.

According to the ProLIF library’s results, 11 amino acids exhibit a higher than 94 % prevalence of hydrophobic interaction. The
following amino acids interacted with compound 22 the most frequently: Leu838 (95.1 %), Val846 (99.2 %), Leu887 (97.2 %), Val897
(98.2 %), Val914 (99 %), Arg1030 (94.4 %), Leu1033 (94.3 %), Cys1043 (99.9 %), Asp1044 (98.7 %), Phe1045 (99.4 %) and Arg1049
(99.5 %) (Fig. 13 A-C). The PLIP webserver was used to detect and generate 3D binding interactions in the form of. pse files from

Table 7

Binding pattern and AG of the thiazolidine-2,4-diones 11a-g.
Comp. Binding score [Kcal/mol] Number of hydrogen bonds Number of hydrophobic bonds/Number of electrostatic interactions
Sorafenib —21.02 4 16/1
18 —21.44 2 10/4
19 —21.15 2 9/4
20 —21.16 2 11/4
21 —22.10 3 10/1
22 —21.00 2 10/4
23 —21.47 2 11/4
24 —-21.13 2 11/3
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Fig. 9. ADMET descriptors of the synthesized thiazolidine-2,4-diones.

Table 8
ADMET screening of the synthesized thiazolidine-2,4-diones.
Comp. BBB level Solubility (aqueous) level Absorption (human-intestine) level CYP2D6 (Inhibition) prediction PPB (Binding) prediction
18 Very low Low Poor No inhibition >90 %
19
20 <90 %
21 Very low >90 %
22 Low
23 Very Low
24 Low
Sorafenib Very low Good
Table 9
Toxicity study of the synthesized compounds.
Comp. Ames Mouse- Female Carcinogenic Potency TDsg RMT Rat Oral Rat Chronic DI 01
prediction FDA (Rat)® feed LDs” LOAEL"
18 Non-Mutagen Non-Carcinogen 21.284 0.134 2.806 0.030 Non- Mild
19 32.929 0.076 2.820 0.022 Irritant Irritant
20 71.936 0.249 3.625 0.035
21 9.508 0.044 1.866 0.008
22 29.544 0.060 1.378 0.020
23 10.643 0.048 1.989 0.011
24 64.428 0.197 1.769 0.032
Sorafenib Single- 14.244 0.089 0.823 0.005
Carcinogen

# Unit: mg/kg/day.
b Unit: g/kg.

representative frames created from clustering (Fig. 14).

PCA Was employed to determine the coordinated motions of the systems. The size of the reduced subspace was determined by the
scree plot, the eigenvectors’ distribution, and the cumulative sum (more details can be found in the methods section). The slope of the
line seems to decline at the third PC of the scree plot. The first eigenvector alone accounted for around 64.2 % of the overall variance,
whereas the sum of the 1st three eigenvectors accounted for approximately 74.7 % of the total variance (Fig. 15). The distribution of
the first two PCs was found not to follow a Gaussian pattern (Fig. 16). In general, we determined that the top three eigenvectors best
represented the reduced subspace.

The cosine content was calculated for the apo as well as holo VEGFR-2 to assess the level of randomness shown by the behavior of
the 1st ten eigenvectors. Except for the third PC of the holo protein, which had a value of 0.3, the cosine content of the 1st ten

13



LH. Eissa et al. Heliyon 10 (2024) 24005

i Protein RMSD
6
5
4
< 3
2
1
0
0 50 100 150 200
Time (ns)
— Apo VEGFR-2 — Holo VEGFR-2 & compound 22 Complex
B Ligand RMSD

Time (ns)

Radius of Gyration

22
21.5
21
20.5

19.5
19
18.5

18
0 50 100 150 200

Time (ns)

— Apo VEGFR-2 — Holo VEGFR-2 & compound 22 Complex

Fig. 10. MD simulation studies for VEGFR-2/compound 22 complex. A) RMSD values for the VEGFR-2 protein in apo (blue) and holo forms (red), B)
shows the ligand RMSD values, C) radius of gyration for the VEGFR-2 protein in apo (blue) and holo forms (red), D) SASA for the VEGFR-2 protein in
apo (blue) and holo forms (red), E) change in the number of hydrogen bonds for the VEGFR-2 protein in apo (blue) and holo forms (red 1), F) RMSF
for the VEGFR-2 protein in apo (blue) and holo forms (red), G) distance between the center of mass of compound 22 and the VEGFR-2. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

eigenvectors in the apo and holo proteins was less than 0.2 (Fig. 17). The Root Mean Square Inner Product (RMSIP) displays an 8.2 %
similarity between the two subspaces (the first three eigenvectors). This implies that there is a small similarity between the two
subspaces. Furthermore, the RMSIP discovered that the C matrices of apo and holo proteins are only 19.2 % similar, indicating that the
sampling differed between the two systems.

The results of projecting each trajectory onto the 1st three eigenvectors of the new C matrix are demonstrated in Figs. 18-20. The
bigger marker in each of these graphs reflects the corresponding trajectory’s average structure. Fig. 18, a projection on the first two
eigenvectors, reveals that the two trajectories have separate average structures and that the frames reflect different sampling with just
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Fig. 12. Binding free energy decomposition of the VEGFR-2_22 complex.

a little degree of overlap at the start of the simulation (pale red and white dots). Furthermore, the sampling of the holo protein tra-
jectory (represented by the red dots) in contrast to the apo protein demonstrates that the frames are more equivalent to one another for
most of the time (clustered in one region). Fig. 19 (projection in the first and third PCs) shows that the two trajectories have a minor
overlap and that their average structures are significantly different. Furthermore, the majority of the frames of the holo system, shown
by the red dots, continued to exhibit a clustering tendency similar to that seen in Fig. 18. The apo protein, on the other hand, has
significant variability among its frames. Similarly, the projection on the 2nd and 3rd eigenvectors, as shown in Fig. 20, indicates that
they are distinct and have very little overlap in the early frames. The motion captured by the 1st three eigenvectors may be shown by
porcupine diagrams, which were generated for this purpose (Fig. 21). The Asp1050:Pro1066 loop is shown to open in the first three PCs
of both the apo protein (green structure), albeit in distinct orientations and magnitudes. The first PC of the holo trajectory (red
structure) exhibits a clockwise twisting of the loop, while the second PC displays a closing motion. Similarly to the first PC, the third PC
displays a clockwise twisting of the loop, but with a lesser magnitude.

2.3.5. DFT calculations

After drawing the structure of compound 22, which contains 292 electrons and is composed of 56 atoms, the optimization process
has been performed using Gaussian 09 software under DFT/B3LYP/6-311++G (d, p) theory level. The optimized chemical structure is
labeled (Fig. 22a) and the Mulliken charge distribution function within compound 22atoms has been carried out. The atomic charge
distribution with color scale is presented in Fig. 22b, where the hydrogen atoms have a positive charge, all oxygens have a negative
charge, and the most positive charges of carbon are concentrated on C19 and C31. All nitrogen atoms acquired negative charge except
for N25, while the most negative carbons are focused on C7 and C33. Such findings conclude that the prepared drug has a significant
charge delocalization which qualifies the molecule to bind with the target as the positively charged atoms of compound 22 could be
attacked by nucleophilic centers of the target while the negatively charged atoms of compound 22 could be attacked by electrophilic
centers of the target.

The theoretical dipole moment (Dm) and total ground energy (TE) are calculated and listed in Table 10. The chemical reactivity of
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Fig. 13. Names of amino acids, types of interactions with compound 22, and their occurrence during the whole simulation time using the ProLIF
Python library.

the synthesized drug is strongly related to the energy gap, Eg, between HOMO and LUMO (the frontiers molecular orbitals; FMO) and
global reactivity indices that are based on the HOMO and LUMO energies [48].

The analysis of FMO is displayed in Fig. 22¢, both LUMO and HOMO functions are localized over dichlorobenzylidene dioxothi-
zolidin acetaldehyde moiety and the energy gap between both orbitals are small of 3.054 eV, suggesting the ease of HOMO-LUMO
electronic transition. The quantum parameters related to the energies of HOMO and LUMO are determined and tabulated in
Table 10. The results conducted that compound 22is biologically active with a high softness value [49].

To determine the electrophilic, nucleophilic and hydrophobic interaction centers within the geometry and understand the behavior
of binding with the target, molecular electrostatic potential (ESP) is estimated, Fig. 22d. The ESP surface map showed that the positive
ESP (deficient in electrons) is localized over hydrogens (blue batches), while the negative ESP is localized over oxygen atoms and
colored red. The negative ESP zones are rich in electrons and act as hydrogen bonding acceptors, while the ESP green zones are
responsible for hydrophobic interactions.

The spectrum of the total density of electrons (TDOS) was analyzed using GaussSum software and results were conducted that
orbitals under HOMO include the highest TDOS, as seen in Fig. 22e.

To indicate the interactions between the atoms in the prepared drug, the quantum theory of atoms in molecules (QTAIM) has been
analyzed using Multiwfn and AIMALL programs after getting the optimized log file. Such topological analysis has been performed in
terms of bond paths and bond critical points and the quantum functions; electron density (p), Laplacian (Vzp), and energy density H(r)
values have been estimated and listed in Supplementary Data (Table S1 and Fig. S3). The geometrical graph in Fig. 22f shows that the
three folded compound has generated three new bond paths, Fig. 22g. The QTAIM function (p) > 0.1 au while (V2p)>0 suggests a non-
covalent (closed-shell) bonding. Also, the total energy density (H(r)) > 0, suggesting bonding of electrostatic nature. Such findings
enhance the geometrical stability of compound 22.
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3. Conclusion

Our study successfully designed and synthesized seven novel 2,4-dioxothiazolidine derivatives with promising anticancer and
VEGFR-2 inhibiting capabilities. SAR study revealed that the positive effect of the pharmacophore moieties on VEGFR-2 inhibitory
activities can be arranged descendingly as amide > diamide > hydrazide. In addition, substituted phenyl ring (hydrophobic tail) with
electron donating group is more advantageous than the substituted phenyl ring with electron withdrawing group. Compound 22
demonstrated the highest efficacy in inhibiting VEGFR-2 and exhibited significant anti-proliferative activity against HepG2 and MCF-7
cancer cell lines. Furthermore, compound 22 increased the apoptotic rate in MCF-7 cells with cell cycle arrest at S phase. Computa-
tional studies, including molecular docking, MD simulations, PLIP, and ED provided deep insights into the molecular, structural and
energetic characteristics of the VEGFR-2-22 complex. The study also indicated that compound 22 and other proposed compounds
exhibited drug-like properties based on computational ADMET and toxicity experiments. Overall, our findings support the potential of
compound 22 as an effective anticancer lead compound and highlight its utility as a model for future structural modifications and
biological investigations.
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4. Experimental
4.1. Chemistry

All the reagents, chemicals, apparatus were described in Supplementary Data. Compounds 3, 5a,b, 6a,b, 8,9, 11, 13, 15a-c, 16a-
¢, and 17a-c were previously prepared [3,50-56].

4.1.1. The synthesis of compounds 18-24

Equimolar appropriate potassium salts 6a, b (0.001 mol) were refluxed for 6 h with appropriate intermediates 11, 13, and/or 17a-c
(0.001 mol) in dry 10 mL of DMF and KI (catalytic amount). The reaction mixtures were poured onto 200 mL of ice water with constant
stirring. The solid product formed was filtered, washed with water, and dried to give the target compounds 18-24.

4.1.1.1. 2-(5-(2-Chlorobenzylidene)-2,4-dioxothiazolidin-3-yl)-N-(4-(2-phenylhydrazine-1-carbonyl)phenylacetamide =~ 18. Off white
crystal (yield, 65 %); m. p. = 235-237 °C; IR (KBr) v cm ' 3268 (NH), 1745, 1694, 1667 (C=0); I NMR (400 MHz, DMSO-dg) 6 ppm:
10.97 (s, 1H, NH), 10.89 (s, 1H, NH), 10.31 (s, 1H, NH), 8.11 (s, 1H, -C=CH), 7.94 (d, J = 7.6 Hz, 2H, Ar-H), 7.87 (s, 1H, Ar-H), 7.73
(d, J=9.2 Hz, 2H, Ar-H), 7.67 (d, J = 8.0 Hz, 2H, Ar-H), 7.57-7.55 (s, 2H, Ar-H), 7.16 (m, 1H, Ar-H), 6.81 (d, J = 7.6 Hz, 2H, Ar-H),
6.72 (m, 1H, Ar-H), 4.61 (s, 2H, CH,); **C NMR (101 MHz, DMSO-dg) § ppm: 167.36, 166.25, 165.39, 164.67, 150.07, 135.01, 132.72,
131.35,130.91, 130.86, 129.55, 129.30, 129.19, 128.84, 128.71, 128.46, 128.22,125.21, 119.16, 119.06, 112.82, 44.74; Mass (m/2):
508 (M" + 2, 23.56 %), 506 (M*, 8.02 %), 97 (100 %, base peak); CosH;9CIN404S (506.96).

4.1.1.2. 4.1.N-(4-(2-(3-chlorobenzoylhydrazine-1-carbonyl)phenyl)-2-(5-(2-chlorobenzyl idene)-2,4dioxothiazolidin-3-yl)acetamide 19.

White crystal (yield, 72 %); m. p. = 221-223 °C; IR (KBr) v cm L 3268 (NH), 1745, 1694, 1667 (C=0); 1TH NMR (400 MHz, DMSO-dg)
é ppm: 10.77 (s, 1H), 10.58 (s, 2H), 8.11 (s, 1H), 7.97-7.89 (m, 6H), 7.73 (m, 2H), 7.65 (m, 2H), 7.567.53 (m, 2H), 4.63 (s, 2H); 3¢
NMR (101 MHz, DMSO-dg) § ppm: 167.36, 165.71, 165.38, 165.02, 164.73, 142.00, 135.04, 133.87, 132.69, 132.20, 131.31, 131.05,
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Fig. 21. Porcupine representations of each of the 1st three eigenvectors for apo(green) and holo (red) cartoon protein trajectories. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

130.88, 129.51, 129.32, 129.09, 128.66, 127.87, 127.76, 126.66, 125.13, 119.10, 44.74; Mass (m/2):569 (M, 18.80 %), 390 (100 %,
base peak); Ca6H18CIoN405S (569.41).

4.1.1.3. 2-(5-(2-Chlorobenzylidene)-2,4-dioxothiazolidin-3-yl)-N-(4-(2-(2-hydroxybenzoyl) hydrazine-1-carbonyl)phenyl)acetamide 20.
White crystal (yield, 70 %); m. p. = 228-230 °C; IR (KBr) v em™!: 3566 (OH), 3267 (NH), 1745, 1694, 1668 (C=0); 'H NMR (400 MHz,
DMSO-dg) § ppm: 11.93 (s, 1H, OH), 10.75 (s, 2H, 2NH), 10.63 (s, 1H, NH), 8.12 (s, 1H, -C—=CH), 7.94 (d, J = 6.4 Hz, 2H, Ar-H), 7.87
(s, 1H, Ar-H), 7.73 (d, J = 6.6 Hz, 2H, Ar-H), 7.67 (d, J = 8.0 Hz, 2H, Ar-H), 7.57-7.55 (m, 2H, Ar-H), 7.47 (s, 1H, Ar-H), 6.99 (m, 2H,
Ar-H), 4.62 (s, 2H, CHj); 13¢ NMR (101 MHz, DMSO-dg) 6 ppm: 168.25, 167.36, 165.48, 165.39, 164.74, 159.81, 142.03, 135.04,
134.63, 132.69, 131.34, 130.89, 129.53, 129.34, 129.13, 128.79, 128.66, 127.76, 125.16, 119.51, 119.13, 117.89, 115.07, 44.75;
Mass (m/z): 551 (M +1, 18.31 %), 550 (M, 65.70 %), 369 (100 %, base peak); CosH;9CIN4O6S (550.97).

4.1.1.4. N-(3-chlorophenyl)-4-(2-(5-(2,4-dichlorobenzylidene)-2,4-dioxothiazolidin-3-yl) acetamido)benzamide 21. Off white crystal
(yield, 78 %); m. p. = 208-210 °C; IR (KBr) v em™l: 3265 (NH), 1745, 1693, 1667 (C=0); 'H NMR (400 MHz, DMSO-dg) § ppm: 10.79
(s, 1H, NH), 10.32 (s, 1H, NH), 8.03 (s, 1H, -C—=CH), 7.98 (m, 3H, Ar-H), 7.86 (s, 1H, Ar-H), 7.73 (d, J = 6.0 Hz, 3H, Ar-H), 7.64 (s,
2H, Ar-H), 7.39 (d, J = 7.3 Hz, 1H, Ar-H), 7.15 (d, J = 6.8 Hz, 1H, Ar-H), 4.61 (s, 2H, CH,); *C NMR (101 MHz, DMSO-dg) § ppm:
167.13, 165.49, 165.29, 164.68, 141.96, 141.23, 136.40, 135.95, 133.40, 130.74, 130.67, 130.49, 130.38, 129.82, 129.35, 128.91,
128.20, 125.76, 123.66, 120.15, 119.06, 118.99, 44.77; Mass (m/z): 560 (M", 43.15 %), 198 (516 %, base peak); CosH;5CI3N304S
(560.83).

4.1.1.5. N-(4-(2-benzoylhydrazine-1-carbonyl)phenyl)-2-(5-(2,4-dichlorobenzylidene)-2,4-dioxothiazolidin-3-yl)acetamide 22. White
crystal (yield, 74 %); m. p. = 220-222 °C; IR (KBr) v cm % 3263 (NH), 1745, 1694, 1666 (C—=0); THNMR (400 MHz, DMSO-dg) 6 ppm:
10.73 (s, 1H, NH), 10.48 (s, 1H, NH), 10.44 (s, 1H, NH), 8.04 (s, 1H, -C—=CH), 7.94 (d, J = 5.6 Hz, 4H, Ar-H), 7.86 (s, 1H, Ar-H), 7.71
(d, J = 6.7 Hz, 2H, Ar-H), 7.65 (s, 2H, Ar-H), 7.60 (m, 1H, Ar-H), 7.55-7.53 (m, 2H, Ar-H), 4.61 (s, 2H, CH,); 3¢ NMR (101 MHz,
DMSO-dg) 5 ppm: 167.12, 166.36, 165.74, 165.29, 164.67, 141.91, 136.41, 135.96, 133.09, 132.32, 130.67, 130.49, 130.38, 129.06,
128.98, 128.92, 128.19, 128.04, 127.94, 125.76, 119.08, 44.78; Mass (m/z): 569 (M*, 34.38 %), 529 (100 %, base peak);
CaeH18CL1oN4O5S (569.41).

4.1.1.6. N-(4-(2-(3-chlorobenzoylDhydrazine-1-carbonyl)phenyD)-2-(5-(2,4-dichloro benzylidene)-2,4-dioxothiazolidin-3-yl)acetamide
23. White crystal (yield, 80 %); m. p. = 217-219 °C; IR (KBr) v cm L 3267 (NH), 1745, 1694, 1667 (C=0); 'H NMR (400 MHz,
DMSO-dg) § ppm: 10.75 (s, 1H, NH), 10.64 (s, 1H, NH), 10.52 (s, 1H, NH), 8.03 (s, 1H, -C—=CH), 7.97-7.91 (m, 6H, Ar-H), 7.81 (s, 1H,
Ar-H), 7.74-7.72 (m, 2H, Ar-H), 7.62 (m, 2H, Ar-H), 4.62 (s, 2H, CH>); I3BCNMR (101 MHz, DMSO-dg) 6 ppm: 167.10, 165.72, 165.28,
165.03, 164.66, 141.99, 136.42, 135.98, 135.01, 133.88, 132.19, 131.03, 130.62, 130.45, 130.32, 129.09, 128.86, 128.16, 127.90,
127.77, 126.66, 125.68, 119.11, 44.78; Cy6H;7Cl3N40sS (603.86).
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Fig. 22. The optimized geometry (a), the Mullikan atomic charge distribution (b), the FMO (c), the ESP (d), the TDOS (e), and the QTAIM maps (f
and g) at B3LYB/6-311++G(d,p) for compound 22.

4.1.1.7. 2-(5-(2,4-Dichlorobenzylidene)-2,4-dioxothiazolidin-3-yl)-N-(4-(2-(2-hydroxybenzoyl) ~ hydrazine-1-carbonylphenyl)acetamide
24. White crystal (yield, 76 %); m. p. = 217-219 °C; IR (KBr) v cm L 3268 (NH), 1745, 1693, 1666 (C=0); 4 NMR (400 MHz,
DMSO-dg) 6 ppm: 11.90 (s, 1H, OH), 10.75 (s, 2H, 2NH), 10.62 (s, 1H, NH), 8.04 (s, 1H, -C=CH), 7.95-7.94 (m, 3H, Ar-H), 7.86 (s,
1H, Ar-H), 7.73 (d, J = 8.1 Hz, 2H, Ar-H), 7.65 (s, 2H, Ar-H), 7.47 (s, 1H, Ar-H), 6.98 (s, 2H, Ar-H), 4.62 (s, 2H, CH,); 3¢ NMR (101
MHz, DMSO-dg) § ppm: 168.25, 167.13, 165.45, 165.29, 164.69, 159.79, 142.02, 136.41, 135.96, 134.64, 130.67, 130.49, 130.37,
129.13, 128.91, 128.78, 128.20, 127.74, 125.75, 119.53, 119.10, 117.88, 115.04, 44.78; CocH15C1oN406S (585.41).

4.2. Biological examinations
4.2.1. Invitro anti-proliferative activity

In vitro anti-proliferative activities of the target compounds were evaluated against HepG2 and MCF-7 cell lines via MTT assay
[57-59] as described in Supplementary Data.
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Table 10

The DFT global reactivity parameters for compound 22.
1P EA p (eV) ¥ (eV) n (eV) o (eV) » (eV) Dm (Debye) TE (eV) ANmax AE (eV)
6.920 —3.054 —1.933 1.933 4.987 0.201 9.321 1.490 —79344.7 0.388 -9.321

4.2.2. In vitro VEGFR-2 inhibition

VEGFR-2 inhibitory activities of the target compounds were evaluated using VEGFR-2 ELISA kit [60] as described in Supple-

mentary Data.

4.2.3. Cell cycle and apoptosis analysis

The effect of compound 22 on apoptosis and cell cycle of MCF-7 was assessed according to the reported method shown in Sup-

plementary Data [61-63].

4.2.4. Cell migration assay

Effect of compound 22 on cell migration apoptosis was assessed according to the reported method shown in Supplementary Data

[64].
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4.3. In silico studies

4.3.1. Docking studies
Binding modes and docking scores of the synthesized compounds against the crystal structure of VEGFR-2 [PDB ID: 20H4, reso-
lution: 2.05] were examined using MOE2019 as shown in Supplementary Data [65,66].

4.3.2. ADMET and toxicity studies
In silico ADMET and toxicity studies were performed using Discovery Studio 4.0 as shown in Supplementary Data [67-71].

4.3.3. MD simulations
CHARMM-GUI web server [72,73] and GROMACS 2021 [74,75] were used to carry out the MD simulations studies of compound
22_VEGFR-2 complex as shown in Supplementary Data.

4.3.4. MM-GBSA and ProLIF analysis
Gmx_MMPBSA package [76,77] was used to test the MM-GBSA of compound 22_VEGFR-2 complex as shown in Supplementary
Data [78-80].

4.3.5. Essential dynamics cosine content, and bi-dimensional projections analysis
Essential Dynamics, cosine content, and bi-dimensional projections analysis of compound 22_VEGFR-2 complex were evaluated by
GROMACS [81-84] as shown in Supplementary Data.

4.3.6. DFT analyses
Gaussian software was used to carry out the DFT analyses of compound 22 as shown in Supplementary Data [73,85].
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