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Abstract: In this research study, the authors successfully synthesized potent new anticancer agents
derived from indazol-pyrimidine. All the prepared compounds were tested for in vitro cell line
inhibitory activity against three different cancerous cell lines. Results demonstrated that five of the
novel compounds—4f, 4i, 4a, 4g, and 4d—possessed significant cytotoxic inhibitory activity against
the MCF-7 cell line, with ICsq values of 1.629, 1.841, 2.958, 4.680, and 4.798 uM, respectively, compared
to the reference drug with an ICs value of 8.029 uM, thus demonstrating promising suppression
power. Compounds 4i, 4g, 4e, 4d, and 4a showed effective cytotoxic activity stronger than the
standard against Caco2 cells. Moreover, compounds 4a and 4i exhibited potent antiproliferative
activity against the A549 cell line that was stronger than the reference drug. The most active products,
4f and 4i, werr e further examined for their mechanism of action. It turns out that they were capable
of activating caspase-3/7 and, therefore, inducing apoptosis. However, produced a higher safety
profile than the reference drug, towards the normal cells (MCF10a). Furthermore, the dynamic nature,
binding interaction, and protein-ligand stability were explored through a Molecular Dynamics
(MD) simulation study. Various analysis parameters (RMSD, RMSF, RoG, and SASA) from the MD
simulation trajectory have suggested the stability of the compounds during the 20 ns MD simulation
study. In silico ADMET results revealed that the synthesized compounds had low toxicity, good
solubility, and an absorption profile since they met Lipinski’s rule of five and Veber’s rule. The
present research highlights the potential of derivatives with indazole scaffolds bearing pyrimidine as
a lead compound for designing anticancer agents.
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1. Introduction

Cancer is a polygenic disease and one of the major aggressive health problems facing
humans [1]. A report published by GLOBOCAN 2020 estimated that 19.3 million cancer
cases and almost 10.0 million cancer deaths occurred in 2020 [2]. High mortality rates were
reported in lung and colorectal cancer globally, in addition to breast cancer [3]. Treatment
of cancer causes a state of extreme physical or mental fatigue until now due to its strong
toxicity and the lack of efficiency of commercial anticancer drugs. In recent years, effective
targeting has led to the development of more efficient and less toxic anticancer agents [4].
Pyrimidine derivatives are one of the most effective bioactive agents that exhibit a wide
range of medicinal applications because they are essential parts of the nucleic acids that
make up DNA and RNA [5]. Pyrimidine derivatives are heterocyclic scaffolds that repre-
sent one of the most bioactive pharmacophores implemented as anticancer agents [6-9] by
using different mechanisms. For example, pyrimidines act as selective dual inhibitors of
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c-Met and VEGFR-2 [10], dual ER/VEGFR-2 ligands with anti-breast cancer activity [11],
and selective inhibitors against triple-negative breast cancer cell line MDA-MB-468 [12],
and they have antiproliferative activity and EGFR and ARO inhibitory activity [13]. Fur-
thermore, some pyrimidines act by inhibiting different proteins and enzymes that play
key roles in the cell cycle and division [14]. Also, they act as antituberculosis agents
and antimicrobials [15,16]. On the other hand, indazole derivatives are one of the most
outstanding scaffolds and have a wide range of properties, including anti-inflammatory,
anti-HIV, antiplatelet, and serotonin 5-HT3 receptor antagonist characteristics [17-19]. Peer-
reviewed literature has reported that indazoles possess antibacterial, anti-inflammatory;,
antitubercular, and antidepressant traits [20-22]. Indazole derivatives exhibit potential an-
ticancer activity, which makes them useful scaffolds for the development of new anticancer
agents [23]. Indazole-N-phenylpyrimidin-2-amine derivatives I were synthesized and
demonstrated bioactive products by Pawel M. et al. (Figure 1) [24]. CYC116 (Figure 1, II)
is a novel anticancer molecule targeting both the cell cycle and angiogenesis, with anti-
tumor activity in both solid tumors and hematological cancers [25]. Elsayed et al. [26]
synthesized new indazole-pyrimidines (Figure 1, compound III) with potent antigenic
effects against VEGFR kinase. Moreover, a sulfonamide moiety incorporated into different
heterocyclic ring systems has been reported as one of the most specific scaffolds to inhibit
the growth of different types of human cancer cells [27,28]. Thus, both pyrimidine and
indazole derivatives represent privileged scaffolds in medicinal chemistry. Our strategy is
to incorporate these two heterocyclic moieties in one molecule through an amino and/or
sulfonamide linkage to synthesize new indazol-pyrimidine derivatives and evaluate their
antiproliferative activity using an MTT assay against MCF-7, A549, and Caco2 cell lines.
The most promising candidates were examined for their mechanism of action, their effect
on the cell cycle, and their apoptosis stimulation potential on cancer cells, followed by their
effect on normal cells. We are hoping to construct new bioactive heterocyclic hybrids that
may enhance or increase the biological activities of the new products and may be useful
scaffolds for developing new effective anticancer agents with high safety profiles. Finally,
in silico studies, including molecular docking and drug-likeness studies, were performed.
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Figure 1. Structure of certain reported pyrimidine-based anticancer agents and the target anilino-
pyrimidines 4a-i.
2. Results and Discussion
2.1. Chemistry

Synthesis of the target compounds N*-(1H-indazol-5-yl)-N?-phenylpyrimidine-2,4-
diamines 4a—-i was employed via the application of the chemical reactions outlined in
Scheme 1. Compounds 3a and b were obtained via a nucleophilic substitution reaction
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of 5-aminoindazole 2 with 2,4-dichloropyrimidine 1a or 5-flouro-2,4 dichloropyrimidine
1b. The chlorine atom at position 4 of compound 1a or 1b was reacted with the amino
group at position 5 of 5-aminoindazol 2 regio-selectively. Compounds 3a and b were first
synthesized by refluxing a mixture of 5-substituted-2,4-dichloropyrimidine 1a or 1b with
5-aminoindazole 2 using equimolar concentrations in ethanol and a few drops of HCL
However, impure compounds and poor yields were obtained using this method. Thus,
another method was used by replacing HCl with triethylamine, yielding pure products
with good yields [26]. The presence of the electronegative fluorine moiety of compound
1b reduced the reaction time to around three hours, while the presence of hydrogen at the
same position resulted in a longer reaction time (~12 h). Another nucleophilic substitution
reaction took place to synthesize compounds 4a-i, by the substitution of the Cl atom at
position 2 of the pyrimidine ring in compounds 3a and b with the amino group of the
aniline derivatives, by refluxing the appropriate aniline with compound 3a or 3b in butanol
and a few drops of HCl to yield the target compounds 4a-i; Scheme 1. All the used anilines
were commercially available except the morpholino aniline, which was synthesized by
reduction of the nitro group of compound 6 to afford the morpholino-aniline derivative
7, according to the reported method [29] as presented in Scheme 2. In general, target
compounds having an F atom at position 5 of the pyrimidine ring were obtained faster
and with a better yield, which might be due to its inductive electron-withdrawing effect.
Meanwhile, poorer yields were obtained from compounds having hydrogen atoms at the
same position. In addition, further mechanistic studies were performed to investigate the
mode of cell death and cell cycle changes.
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Scheme 1. Synthetic routes of the new compounds 4a-i; reagents and conditions: (i) EtoH, TEA,
reflux, (ii) substitutes aniline reflux EtoH/HCI.
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Scheme 2. Synthetic routes of compound 7, reagents and conditions: (i) K,CO3, DMSO, morpholine,
100 °C (100%)); (ii) Zn, NH4Cl, H,O, 80 °C (100%).
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2.2. Biological Evaluation
2.2.1. MTT Cytotoxicity Assay

All of the synthesized compounds were screened for their cytotoxic effect against
three different human cancer cells, namely breast cancer cells (MCF-7), lung cancer cells
(A549), and colorectal adenocarcinoma cells (Caco2), using the MTT cytotoxic assay [30,31].
The results are summarized in Table 1, demonstrating that five compounds—4f, 4i, 4a,
4d, and 4g—had potent cytotoxic activity against MCF-7 cells and were more active than
the reference drug, Staurosporine. Compounds 4f, 4i, and 4a demonstrated the strongest
cytotoxic effect, with ICsq values of 1.629, 1.841, and 2.958 uM, respectively, compared
to the reference (ICs5 8.029 uM). On the other hand, ICs values of compounds 4d and
4g were half that of the standard, with ICsy values of 4.798 and 4.680 uM, respectively.
The rest of the compounds showed weak cytotoxic activity against MCE-7 cells. However,
only molecules 4a and 4i showed significant antiproliferative activity against the A549
cell line, with ICsj values (3.304 and 2.305 uM, respectively) two- and three-fold stronger
than the standard (ICsg 7.35 uM). Similarly, five compounds—4i, 4g, 4e, 4d, and 4a—
demonstrated ICsy values of 4.990, 6.909, 7.172, 9.632, and 10.350 uM, respectively, and
exhibited potent cytotoxic activity compared to the standard (IC5y 11.29 uM) against
Caco2 cells. Further mechanistic studies were performed toward the most promising
antiproliferative candidates—compounds 4f and 4i—to investigate their mode of cell death
and cell cycle changes. Furthermore, compounds 4f and 4i were chosen for further cytotoxic
evaluation toward normal cells (mammary gland epithelial cell line MCF-10a) (Table 2).
The results showed that their ICs, values (23.67 and 29.5 uM, respectively) against normal
cells demonstrated marked safety profiles toward human normal cells, more than the
standard drug (ICsp = 34.8 uM) by 10 and 5 units for 4f and 4i, respectively. Therefore,
these compounds were more selective toward cancerous cells, with selectivity index values
of IS 14.5 and 16.03, respectively, relative to the standard drug with IS 4.34.

Table 1. In vitro cytotoxic efficiency of the new derivatives 4a—i against MCF-7, A549, and Caco?2 cell

lines.
Comp. R; R, Cytotoxicity ICsp (uM)
MCE-7 A549 Caco2

4a F N-(pyrimidin-2-yl) sulfonamido =~ 2.958 + 0.14 3.204 £0.18 10.35 £ 0.51
4b F N-(thiazol-2-yl) sulfonamido 14.28 £ 0.68 52.86 +2.92 31.23 £ 1.55
4c F 3,4,5-TriMeO 2912+ 14 58.79 + 3.25 67.8 +3.36
4d F m-SO,NH, 4.798 +0.23 13.47 £0.74 9.632 + 0.48
4e F p-SO,NH, 25.09+£1.2 46.61 + 2.57 7172 £0.36
af F 4-morpholino 1.629 £ 0.08 12.8 £0.71 2233 +1.11
4g H p-SO,NH, 4.68 £0.22 11.21 £0.62 6.909 + 0.34
4h H N-(thiazol-2-yl)sulfonamido 21.14 +£1.01 235+13 17.28 £ 0.86
4i H 3,4,5-TriMeO 1.841 £ 0.09 2.305 +0.13 499 +0.25

Staurosporine 8.029 £ 0.38 7.354 £0.41 11.29 + 0.56

Table 2. In vitro cytotoxic efficiency of compounds 4f and 4i against MCF-10a normal cell line.

Cytotoxicity IC50 (uM)

Compound SI
P MCF-10a MCE-7
af 23.67 +=1.17 1.629 £ 0.08 14.5
4i 29.52 + 1.46 1.841 £+ 0.09 16.03

Staurosporine 34.86 +£1.73 8.029 £ 0.38 4.34
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MCF-7

2.2.2. Cell Effects of Compounds 4f and 4i

An encouraging strategy for cancer therapy is targeting the cell cycle, according to
the reported method [32]. In this study, compounds 4i and 4f were tested—using a DNA
flow cytometry assay—for their effects on the cell cycle of MCE-7 cells (Figure 2). Results
showed that after treating MCF-7 cells with compound 4i or 4f for 24 h, a slight increase in
the percentage of cells in the G0-G1 phase for both compounds was observed—around 7%
compared with the control (53.89%). However, compound 4i exhibited a slight increase
(3%) in the percentage of the cell population in the S phase. Simultaneously, there was
a significant reduction in the percentage of the cell population in the G2/M phase—32%
and 46% for cells treated with compound 4f or 4i, respectively, compared with controls.
The decline in the proportion of cells in the G2/M phase as well as the increase in the
cell population in the G0-G1 and S phases indicate a reduction in cell cycle progression in
MCE-7 cells.
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Figure 2. Cell cycle analysis of MCE-7 cells treated with compound 4i or 4f for 24 h.

2.2.3. Apoptosis Induction and Caspase-3/7 Activation

To assess the apoptotic potential, MCF-7 cells were treated with compound 4i or
4f for 24 h and then assayed for Annexin-V/PI (propidium iodide) binding according
to the reported protocol [31]. Results are displayed in Figure 3, which show that, these
compounds increased the percentage of Annexin V/PlI-stained cells to about 47% in both
early and late phases of apoptosis, compared with 1.76% of the untreated cells. At the early
phase of apoptosis, the average increment for the treated groups was around 27%, while it
was around 14% in late-stage apoptosis.

MCF-7
41 treated

MCF-7
4f treated

0.18%

10
Annexin ¥-FITC

3
10 10 10 10 10 10
Annexin V-FITC

Annexin V-FITC

Figure 3. MCF-7 cells were exposed to compound 4i or 4f for 24 h and analyzed by Annexin V/PI
staining.
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Caspases are essential factors in apoptotic cell death since they play a key role in
maintaining homeostasis, and their activation induces apoptosis. Caspase-3/7 activity
results are displayed in Figure 4. When compared with untreated controls, the levels
of active caspase-3/7 expression in MCF-7 cells increased from 0.43% to 19% and 26.5%
after being treated with compound 4f or 4i, respectively. This demonstrates the potential
apoptotic effect of compounds 4f and 4i in MCF-7 cells.

MCF-7 MCF-7
MCEF-7 4f treated 4i treated

(450750 BP)
(45050 BP)
(45050 BP)

L 19.08%

Live/dead fluorescence
Live/dead fluorescence
Live/dead fluorescence

L
26.55%

a
L 0.43%

T AR T T
2 3 4 5
0 10 10 10 10 10 0 10 10 10 10
Caspase 3/7 Green fluorescence Caspase 3/7 Green fluorescence Caspase 3/7 Green fluorescence
(530/30 BP) FLiR (530/30 BP) FLiR (530/30 BP) FLIR

Figure 4. Compounds 4f and 4i induce caspase-3/7 in MCF-7 cells.

3. Computational Studies
3.1. Molecular Dynamic and System Stability

A molecular dynamic simulation was carried out to predict the performance of the
extracted compounds upon binding to the active site of protein as well as its interaction and
stability through simulation [33,34]. The validation of system stability is essential to trace
disrupted motions and avoid artifacts that may develop during the simulation. This study
assessed Root-Mean-Square Deviation (RMSD) to measure system stability during the 20 ns
simulations. The recorded average RMSD values for all frames of systems—apo-protein,
4f-complex, and 4i-complex systems—were 2.92 + 0.56 A,2.04 4+ 041 A, and 2.49 + 0.34 A,
respectively (Figure 5A). These results revealed that the 4f-bound-to-protein complex sys-
tem acquired a relatively more stable conformation than the other studied systems. During
MD simulation, assessing protein structural flexibility upon ligand binding is critical for
examining residue behavior and its connection with the ligand [35]. Protein residue fluc-
tuations were evaluated using the Root-Mean-Square Fluctuation (RMSF) algorithm to
evaluate the effect of inhibitor binding toward the respective targets over 20 ns simulations.
The computed average RMSF values were 6.24 A,0.99 A, and 4.70 A for apo-protein, 4f-
complex, and 4i-complex systems, respectively. Overall residue fluctuations of individual
systems are represented in Figure 5B. These values revealed that the 4f-bound-to-protein
complex system has a lower residue fluctuation than the other systems. ROG was deter-
mined to evaluate overall system compactness as well as stability upon ligand binding
during MD simulation [36,37]. The average Rg values for apo-protein, 4f-complex, and
di-complex systems were 18.25 + 0.07 A, 18.12 & 0.07 A, and 18.16 + 0.08 A, respectively
(Figure 5C). According to the observed behavior, the 4f-complex has a highly stiff structure
against caspase-3. The compactness of the protein hydrophobic core was examined by
calculating the protein’s Solvent Accessible Surface Area (SASA). This was performed by
measuring the surface area of the protein visible to the solvent, which is important for
biomolecule stability [38]. The average SASA values for apo-protein, 4f-complex, and 4i-
complex systems were 11,246 A, 11,068 A, and 11,174 A, respectively (Figure 5D). The SASA
finding, when paired with the observations from the RMSD, RMSF, and ROG computations,
confirmed that the 4f-complex system remains intact inside the S2 domain binding site of
caspase-3 receptors.
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Figure 5. (A) RMSD of Cx atoms of the protein backbone atoms. (B) RMSF of each residue of the
protein backbone Cx atoms of protein residues. (C) ROG of Cx atoms of protein residues. (D) Solvent
Accessible Surface Area (SASA) of the Cx of the backbone atoms relative (black) to the starting
minimized over 20 ns for the S2 domain binding site of caspase-3 receptors with ligand 4f (red) and
4i (blue).

3.2. Binding Interaction Mechanism Based on Binding Free Energy Calculation

A popular method for determining the binding free energies of small molecules to
biological macromolecules is the molecular mechanics’ energy technique (MM/GBSA),
which combines the generalized Born and surface area continuum solvation, and it may
be more trustworthy than docking scores [39]. The MM-GBSA program in AMBER18 was
used to calculate the binding free energies by extracting snapshots from the trajectories of
the systems. As shown in Table 3, all the reported calculated energy components (except
AGq,1y) gave high negative values, indicating favorable interactions. The results indicate
that the binding affinities of the 4f-complex and 4i-complex systems were —25.56 kcal /mol
and —15.63 kcal /mol, respectively.

The interactions between the 4f and 4i compounds and the caspase-3 receptor protein
residues are driven by the more positive electrostatic energy component, as shown by a
detailed examination of each energy contribution, leading to the reported binding free
energies. Substantial binding free energy values were observed in the gas phase for all the
inhibition processes, with values up to —88.57 and —93.65 kcal/mol, respectively (Table 3).
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Table 3. The calculated energy binding for the 4f and 4i compounds against the S2 domain binding
site of the caspase-3 receptor.

Energy Components (kcal/mol)

Complex AEvdW AEelec AGgas AGsolv AGbind
4f —30.00 £ 0.35 —58.56 + 0.49 —88.57 £ 0.50 63.01 £ 0.42 —25.56 £ 0.32
4i —17.00 £ 0.21 —76.65 + 1.18 —93.65 £ 1.76 78.02 £ 1.59 —15.63 £ 0.25
AEvdW = van der Waals energy; AEele = electrostatic energy; AGsolv = solvation free energy; AGbind = calculated
total binding free energy.
3.3. Identification of the Critical Residues Responsible for Ligand Binding
The total energy involved when 4f and 4i compounds bind with these enzymes was
further decomposed into the involvement of individual site residues to gain more knowl-
edge about important residues involved in the inhibition of the S2 domain binding site
receptor of caspase-3 receptors. From Figure 6, the major favorable contribution of the
4f compound to the S2 domain binding site receptor is predominantly observed from
residues Met 33 (—0.397 kcal/mol), Gly 94 (—0.598 kcal/mol), Glu 95 (—1.188 kcal/mol),
Cys 135 (—1.159 kcal /mol), Arg 136 (—0.773 kcal /mol), Gly 137 (—1.183 kcal/mol), Thr 138
(—=1.265 kcal/mol), Tyr 164 (—0.302 kcal/mol), Tyr 166 (—1.619 kcal/mol), Trp 167
(—0.426 kcal/mol), Arg 168 (—0.531 kcal/mol), Ser 212 (—0.459 kcal/mol), Phe 213
(—0.187kcal /mol), and Phe 217 (—0.997 kcal /mol).
On the other hand, the major favorable contribution of the 4i compound to the
52 domain binding site receptor of caspase-3 is predominantly observed from residues
Thr 34 (—0.182 kcal/mol), Glu 95 (—0.378 kcal/mol), Gly 137 (—0.625 kcal/mol), Thr
138 (—2.377 kecal/mol), Glu 139 (—1.047 kcal/mol), Gly 163 (—0.624 kcal/mol), Tyr 164
(—0.179 kcal /mol), Tyr 165 (—0.175 kcal /mol), and Phe 217 (—0.146 kcal /mol).
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Figure 6. Per-residue decomposition plots showing the energy contributions to the binding and
stabilization of the S2 domain binding site of caspase-3 receptors for (A) 4f and (B) 4i. Inter-molecular
interactions between 4f, and 4i with S2 domain binding site of caspase-3 receptors (pdb code: 1GFW)
are shown in (a,b), respectively.

3.4. Ligand—Residue Interaction Network Profiles

One of the purposes of drug design is to make structural changes to therapeutic
molecules to increase bioavailability, reduce toxicity, and improve pharmacokinetics [40].

The binding of receptor-specific active site residues to particular groups in the drug
molecule results in the suppression of caspase-3, a key mediator of apoptotic cell death in
mammals that cleaves over 500 cellular substrates to carry out the apoptosis program [41,42].
In light of the tight association between apoptosis and a wide range of disorders, caspase-3
inhibitors have the potential to pave the way for new treatments for immunodeficiency,
Alzheimer’s, Parkinson’s, Huntington’s, ischaemia, brain trauma, and amyotrophic lateral
sclerosis [43]. It has been observed that the structural interactions of both compounds are
hydrophobic and electrostatic in nature in the S2 domain binding site of the caspase-3
receptor.

Figure 7 shows that the NH group of compound 4f’s indazole ring occupied the 52
binding pocket via a secure network of H-bonds with Gly 94 and Glu95. Furthermore, Api-
pi stacking was discovered between the Tyr 165 and Phe 217 residues and the pyrimidine
ring. Additionally, the hot spot Arg 186 residue produced both 7-cation and m-alkyl
interactions with the phenyl and morpholine rings. Ultimately, a 7-cation interaction
(electrostatic interaction) between Met 33 and the phenyl ring of indazole was identified
(Figure 7A). Compound 4i, on the other hand, has developed a two 7-cation contact
with the indazole ring. Moreover, the trimethoxy ring has formed 7—m stacking with
Tyr 165. Eventually, Ala 134 formed a m-alkyl interaction with the pyrazole ring of indazole
(Figure 7B).

3.5. In Silico ADMET Properties Prediction

A compound must meet the following requirements to be considered a prospective
physiologically active molecule: (1) molecular weight < 500, (2) log P (lipophilicity) < 5,
(3) H-bond donors (sum of NH and OH) < 5, (4) H-bond acceptors (sum of N and O) < 10,
and (5) rotatable bonds (an extra requirement proposed by Veber) < 10.

Based on the above criteria, the synthesized compounds were subjected to in silico
tests for ADMET prediction for testing bioavailability and toxicity.
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Figure 7. The interaction residues of compound 4f (A) and compound 4i (B) in the S2 binding site of
caspase-3 receptor.

Table 4 shows the derived parameters for Lipinski’s rule of five, topological polar
surface area, aqueous solubility, and the number of rotatable bonds. The values for human
intestinal absorption ranged from 88.003231 to 92.405990%, showing that the synthesized
compounds had a moderate to good absorption capacity and supported their interaction
with the target cell (Table 5).

Table 4. Topological polar surface area, aqueous solubility, number of rotatable bonds, and calculated
Lipinski’s rule of five for the synthesized compounds.
: a LogSP? TPSA © d e P T A
Comp. milLogp (mol/L) (A2) MW nON nOHNH Nviolation Nrot Vol
4a 3.36 —5.05 150.47 477.49 11 4 1 7 980.04
4b 4.23 —6.02 137.58 482.53 10 4 0 7 374.90
4c 4.05 —5.01 106.22 410.41 9 3 0 7 349.74
4d 3.08 —4.85 138.69 399.41 9 5 0 5 315.82
de 3.11 —4.85 138.69 399.41 9 5 0 5 315.82
af 4.36 —5.05 90.99 405.44 8 3 0 5 351.24
4g 2.80 —4.54 138.69 381.42 9 5 0 5 310.89
4h 3.92 —5.7 137.58 464.54 10 4 0 7 369.97
4i 3.74 —4.69 106.22 392.42 9 3 0 7 344.81

2 milog P (the calculated n-octanol-water partition coefficient); ® Log S The aqueous solubility of a compound and
it is significantly affects its absorption and distribution characteristics; © Topological polar surface area (TPSA);
4 Molecular weight (MW); ¢ Number of hydrogen bond acceptor (nON); f Number of hydrogen bond donor
(nOHNH); & Number of violations (nviolations); " Number of rotatable bonds (nrot).
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Table 5. ADME property values of synthesized compounds using the Pre-ADMET online server.

Hum.an In Vitro Caco2 In Vitro In Vitro Plasma  In Vivo Blood-Brain
Intestinal o MDCK Cell . o 1 . . Pgp In-
Compound . Cell Permeability o1s Protein Binding Barrier Penetration e
Absorption (am/s) Permeability %) (C. Brain/C. Blood) hibition
(HIA, %) s (nm/s) ° - pratt. Bloo
4a 89.849338 1.21442 0.677897 100.00 0.0558867 None
4b 89.849338 1.21442 0.677897 100.00 0.0558867 None
4c 91.547903 48.4113 40.1723 85.937587 0.677977 None
4d 88.031819 2.73202 1.91443 99.873126 0.0665592 None
4e 88.031819 0.727024 0.964024 92.385127 0.060827 None
4f 92.405990 42.7836 39.0133 90.835546 0.869463 None
4g 88.003231 0.869472 10.3103 86.366615 0.0536349 None
4h 92.965896 0.792525 0.268974 98.188783 0.0192336 None
4i 91.522703 24.5724 1.15396 83.422482 0.551769 None
Caco2: Caco2 cell permeability (PCaco2 (nm/sec): low; 4-70: middle; 470: high). HIA: human intestinal absorption
(0-20 = poor, 20-70 = moderate, 70-100 = good). BBB = — 3.0 to 1.2.

The in vitro Caco-2 cell permeability in the range of 0.727024-48.4113 nm/s and the
in vitro MDCK cell permeability in the range of 0.268974-40.1723 nm /s characterized the
synthesized compounds as having high permeability. The synthesized compounds have
values ranging from 83.42 to 100.00%, indicating that they have a high affinity for proteins.
The in vivo blood-brain barrier penetration ranges from 0.055 to 0.86, indicating that they
have a low to moderate distribution in vivo, with medium to strong penetration capacity
(Table 5). Bioactivity and toxicity risk values of synthesized compounds are shown in
Table 6.

Table 6. Bioactivity and toxicity risk of synthesized compounds.
Com GPCR Ion-Channel Kinase lll\le :Zlet?)rr Protease Mutagenic Tumorigenic Reproductive Trritant
P Ligand Modulator Inhibitor eP Inhibitor 8 8 Effective
Ligand
4a 0.10 —0.10 0.73 —0.42 —0.06 None None None None
4b —0.04 —0.22 0.74 —0.54 —0.03 None Medium Medium None
4c 0.11 0.06 0.93 —0.34 —0.07 None None None None
4d 0.10 0.05 0.97 —0.48 0.16 None None None High
4e 0.11 0.07 0.99 —0.45 0.18 None None None None
af 0.19 0.10 0.99 —0.26 0.03 High High None None
4g 0.15 0.13 0.97 —0.42 0.15 None None None None
4h —0.00 —-0.17 0.71 —0.52 —0.07 None Medium Medium None
4i 0.15 0.12 0.92 —0.32 —0.11 None None None None

4. Structure—Activity Relationship

Concerning the data adopted in Tables 1 and 2, the presence of sulfadiazine of com-
pound 4a or the trimethoxy groups of compound 4i at position 4 of the aniline ring resulted
in its strong inhibitory activity and produced broad and potent antiproliferative activity
against all of the three tested cell lines. However, the replacement of the hydrogen atom
at position 5 of the pyrimidine ring in compound 4i with fluorine in compound 4c led to
diminished activity. Meanwhile, the morpholino substituent at the para position of the
aniline ring in compound 4f led to significant and selective cytotoxic activity against the
MCEF-7 cell line. The sulfonamide substituent in compounds 4d and 4g caused strong
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cytotoxic activity against MCFE-7 cells that was twofold as potent as the standard, while
strong activity was observed for these two molecules against Caco2 cell lines by about
double or equal to the standard, respectively. Compound 4e, with the fluorine atom in
position 5 of the pyrimidine ring along with the sulfanilamide group, illustrated potent
antiproliferative activity toward the Caco2 cell line only. The sulfathiazole substituent in
compounds 4h and 4b led to a lack of cytotoxic activity in all the three tested cell lines.

5. Conclusions

The authors synthesized and identified nine new indazol-pyrimidine derivatives
according to different analyses. All the new compounds were evaluated for anticancer in-
hibitory activity against MCF-7, A549, and Caco2 human cancer cell lines. Five compounds
possessed significant cytotoxic potential against MCF-7 cells and were more potent than
the reference drug. From this, compounds 4f and 4i exhibited the lowest ICs, values of
1.629 and 1.841 uM, respectively, compared with the reference drug with an IC5q value of
8.029 uM. In addition, five products showed cytotoxic activity stronger than the standard
against Caco2 cells. Moreover, two compounds evidenced potent antiproliferative activity
that was stronger than the reference against the A549 cell line. Additionally, the most active
products, 4f and 4i, were further examined for their mechanism of action by flow cytometry
assay. It turns out that they were capable of activating caspase-3/7 and, therefore, inducing
apoptosis. On the other hand, these two compounds demonstrated marked safety profiles
toward human normal cells (MCF-10a), more than the reference, indicating that these com-
pounds are more selective to cancerous cells relative to the reference. Consequently, the two
promising candidates will be subjected to extensive future studies for in vivo animal models
evaluation, and they can act as new compounds in developing new potent and highly
safe anticancer products. We hope to produce highly effective, low-toxicity anticancer
agents after the mandatory biological studies have been performed. Following that, the
interaction’s stability was assessed using a typical atomistic 20 ns dynamic simulation study.
A number of parameters derived from MD simulation trajectories were computed and
validated for the protein-ligand complex’s stability under dynamic conditions. Prediction
of computational drug-like properties showed that most of the synthesized compounds are
safe with acceptable ADMET and druggable properties.

6. Experimental Section
6.1. Chemistry

All reagents and solvents were obtained from commercial suppliers and were used
without further purification. When necessary, solvents were dried by standard methods.
Melting points (°C) were measured in open-glass capillaries using Branstead 9100 elec-
trothermal melting point apparatus and are uncorrected. NMR spectra were obtained on a
Bruker AC 500 Ultra Shield NMR spectrometer (Fédllanden, Switzerland) at 500.13 MHz or
(700) for 'H and 125.76 MHz for '3C; the chemical shifts are expressed in & (ppm) downfield
from tetramethylsilane (TMS) as internal standard at 154 MHz, and coupling constants
(J) are expressed in Hz. Deuteriodimethylsulphoxide (DMSO-dy) was used as a solvent.
The splitting patterns were designated as s (singlet), d (doublet), t (triplet), m (multiplet),
and br. s (broad singlet). Electrospray lonization Mass Spectra (ESI-MS) were recorded
on an Agilent 6410 Triple Quad Tandem Mass Spectrometer at 4.0 and 3.5 kV for positive
and negative ions, respectively. High-Resolution Mass Spectra (HR-MS) were recorded on
JEOL JMS-700 using Electron Impact (EI) ionization mode by keeping ionization energy at
70 eV. Elemental analyses (C, H, and N) were conducted at the Micro Analytical Center of
the Faculty of Science of Cairo University, Cairo, Egypt. They aligned with the proposed
structures within £0.1-0.2%.
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6.1.1. General Method for the Synthesis of N-(2-Chloro-5-substituted pyrimidin-4-yl)-1H
-indazol-5-amine (Compounds 3a and b)

A mixture of 2,4 dichloropyrimidine or 5-flouro-2,4 dichloropyrimidine (0.027 mol)
and 5-aminoindazole (3.59 g, 0.027 mol) was dissolved in (8 mL) Ethanol with continuous
stirring. Triethylamine (2.7 g, 0.027 mol) was added gradually, followed by refluxing
the mixture at 80 °C for 4-6 h. After completion of the reaction (which was monitored
by TLC), the formed precipitate was filtered off, washed with cold water, dried, and
recrystallized from ethanol to afford 5-substituted-N-(2-chloropyrimidin-4-yl)-1H-indazol-
5-amine according to the reported method [26].

6.1.2. General Procedure for Preparation of Compounds 4a-i

To a mixture of compound 3 (0.0018 mol) in butanol (25 mL), the appropriate aniline
derivative (0.0018 mol) was added, followed by the addition of 4 drops of conc. HCI. The
mixture was refluxed overnight, and after cooling, the formed precipitate was filtered off,
washed with hot ethanol and/or ethyl acetate, and filtered off while hot, then recrystallized
from ethanol to afford the desired compounds 4a-i.

4-((4-((1H-indazol-5-yl)amino)-5-fluoropyrimidin-2-yl)amino)-N-(pyrimidin-2-yl)benzenesulfon
amide 4a, Yield: 68%; m.p.: 343-345 °C; IR (Umax/ cm’l): 3373-3323 (4NH), 3143 (CH,
aromatic), 1350, 1155 (SO,); 'H-NMR (DMSO-dg & ppm): 5.56 (br, s, 2H, 2NH), 7.01 (br, 1H,
pyrimidine, CH-5), 7.55 (d, | = 14 Hz, 1H, indazole, CH-6), 7.62 (d, ] = 7 Hz, 1H, indazole,
CH-7), 7.68 (d, ] = 14 Hz, 2H, ph, CH-3,5), 7.77 (d, ] = 7 Hz, 2H, ph, CH-2, 6), 8.07 (s b,
1H, indazole, CH-4), 8.09 (s, 1H, indazole, CH-3), 8.3 (s br, 1H, F-pyrimidine), 8.4 (br, 2H,
pyrimidine, CH-4,6), 10.6, 10.7 (2s, 2H, 2NH); 13C-NMR (DMSO-dg, & ppm): 110.8,113 .4,
115.4, 116.2,119.2, 123.1, 124.0, 130.0, 130.2, 133.9, 134.1, 138.5, 139.5, 141.0, 142.9, 151.6,
152.67,152.74,157.37, 157.6, 158.8 (Ar-C); MS, m/z (%): 476 (M — 1) (20), 475 M — 2) (6),
consistent with the molecular formula Cy1 H14FNgO,S.

4-((4-((1H-indazol-5-yl)amino)-5-fluoropyrimidin-2-yl)amino)-N-(thiazol-2-yl)benzenesulfonamide
4b, Yield: 72%; m.p.: 285-287 °C; IR (Umax/cm™1): 3320-3209 (4NH), 3057 (CH, aromatic),
1327, 1141 (SO,); 'H NMR (DMSO-ds, 6 ppm): 5.8 (br, s, 2H, 2NH), 6.79-7.61 (m, 8H, Ar),
8.01 (s, 1H, indazole, CH-3), 8.09 (bz, 1H, indazol, CH-7), 8.3 (br, 1H, F-pyrimidine), 10.8,
10.9 (2s, 2H, 2NH); 3C-NMR (DMSO-ds, § ppm): 108.3, 110.4, 115.6, 119.8, 122.7, 123.8,
124.6, 126.8, 127.7, 129.3, 133.6, 136.6, 138.2, 138.8, 140.3, 141.1, 150.5, 152.7, 152.8, 168.8
(Ar-C); MS, m/z (%): 483 (M + 1) (6), consistent with the molecular formula CpyH15FNgO,S,.

5-fluoro-N4-(1H-indazol-5-yl)-N2-(3 4,5-trimethoxyphenylpyrimidine-2,4-diamine 4c, Yield: 75%;
m.p.: 352-354 °C; IR (Umax/cm ™~ 1): 3350-3317 (3NH), 3095 (CH, aromatic); 'H NMR (DMSO-
dg, 0 ppm): 3.5 (s, 3H, OCH3 at C-4), 3.6 (s, 6H, 20CH3 at C-3,5), 6.87 (s, 2H, ph, CH-2,6),
7.50 (d, ] =8.9 Hz, 1H, indazol, CH-6), 7.56 (s, 1H, indazole, CH-4), 7.9-8.18 (m, 3H, Ar), 9.6,
10.03, 13.1 (3s br, 3H, 3NH); 3C-NMR (DMSO-dg, § ppm): 56.0, 56.5 (20CH3, ph, C-3,5),
60.5 (OCH3, ph, C-4) 99.25 (2C, ph, CH-2,6), 110.6, 112.9, 113.8, 123.0, 123.1,123.3, 123.3,
131.1, 133.8, 138.0, 153.2, 153.8, 170.84 (Ar-C); MS, m/z (%): 412.5 (M + 2) (65), 413.3 (M + 3)
(100), consistent with the molecular formula CyoH19FNgOs3.

3-((4-((1H-indazol-5-yl)amino)-5-fluoropyrimidin-2-yl)amino)benzenesulfonamide 4d, Yield: 63%;
m.p.: 286288 °C; IR (Umax/cm™1): 3449 (NHj), 3373-3250 (3NH), 3143 (CH, aromatic),
1350, 1155 (SO,); 'H NMR (DMSO-dg, § ppm): 7.2 (s, 2H, NHy), 7.3 (t, | = 6 Hz, 1H, ph,
CH-5),7.36 (d, ] =7 Hz, 1H, ph, CH-4), 7.53 (d, ] = 7 Hz, 1H, indazole, CH-6), 7.6 (s, 1H,
indazole, CH-4), 8.00 (d, ] = 7 Hz, 1H, ph, CH-6), 8.03 (s, 1H, ph, CH-2), 8.09 (s, 1H, indazole,
CH-3), 8.012 (d, ] =7 Hz, 1H, indazol, CH-7), 8.2 (s, 1H, F-pyrimidine), 9.4, 9.5, 13.02 (3s,
3H, 3NH); 13C-NMR (DMSO-dg, 6 ppm): 110.2, 113.3, 113.9, 117.3, 120.0, 122.6, 123.0, 123 .4,
129.2,130.0, 133.4, 137.7,139.0, 139.3, 140.7, 144.5, 151.6 (Ar-C); MS, m/z (%): 397 (M — 2)
(20), consistent with the molecular formula C17H14FN7O5S.

4-((4-((1H-indazol-5-yl)amino)-5-fluoropyrimidin-2-yl)amino)benzenesulfonamide 4e, Yield: 65%;
m.p.: 303-305 °C; IR (Umax/ cm1): 3433 (NH,), 3352-3230 (3NH), 3133 (CH, aromatic),
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1328, 1155 (SO,); 'H NMR (DMSO-dg, 6 ppm): 7.13 (s, 2 H, NHy), 7.56-7.61 (m, 4H, Ar-H),
7.81 (s, 1H, indazole, CH-4), 7.83 (d, ] = 4.9 Hz, 1H, indazol, CH-6), 8.06 (s, 1H, indazole,
CH-3), 8.15 (d, ] = 3.6 Hz, 1H, Indazol, CH-7), 8.16 (s br, 1H, F-pyrimidine), 9.50, 9.62, 13.08
(3s, 3H, 3NH); 3C-NMR (DMSO-dg, 6 ppm): 110.3,113.4, 117.6, 123.2, 123.5, 126.7, 131.7,
133.6, 135.7, 137.6, 140.3, 140.4, 140.6, 142.0, 144.4, 150.7, 155.3 (Ar-C); MS, m/z (%): 398
(M — 1) (10), 397 (M — 2) (14), consistent with the molecular formula C17H14FN7O,S.

5-fluoro-N4-(1H-indazol-5-yl)-N2-(4-morpholinophenyl) pyrimidine-2,4-diamine 4f, Yield: 74%;
m.p.: 298-300 °C; IR (Umax/cm™1): 3315-3290 (3NH), 3012 (CH, aromatic); 'H NMR
(DMSO-dg, 6 ppm): 3.1 (m, 4H, 2CH;, morpholine, C-2,6), 3.7 (m, 4H, 2CH;, morpholine,
C-3,5),7.4 (d, ] =7 Hz, 1H, indazol, CH-6), 7.5 (m, 3H, Ar), 8.0-8.27 (m, 4H, Ar), 8.3 (s, 1H,
F-pyrimidine), 10.0, 10.5, 10.8 (3s, 3H, 3NH); 1*C-NMR (DMSO-dg, § ppm): 56.5 (2CH,,
morpholine, C-2,6), 65.5 (2CH;, morpholine, C-3,5), 110.8, 113.8, 115.4, 122.9, 123.1, 123 .4,
123.7,129.6,130.8, 133.9, 134.0, 138.1, 138.5, 141.4, 145.0, 146.4, 152.1, 153.1, 153.5, (Ar-C);
MS, m/z (%): 406 (M + 1) (20), consistent with the molecular formula Cy; HygFN-O.

4-((4-((1H-indazol-5-yl) amino) pyrimidin-2-yl) amino) benzenesulfonamide. 4g, Yield: 66%; m.p.;
228-230 °C; IR (Umax/cm™1): 3483 (NH,), 3365-3315 (3NH), 3140 (CH, aromatic), 1321,
1184 (SO,); 'H NMR (DMSO-d, 6 ppm): 6.4 (s, 1H, NH), 7.3 (s, 2H, NH,), 7.46 (d, ] =7 Hz,
1H, pyrimidine, CH-5), 7.6 (d, ] = 7 Hz, 1H, indazol, CH-6), 7.7 (m, 5H, Ar), 8.02-8.11 (m,
3H, Ar), 10.7, 13.1 (2s, 2H, 2NH); 3C-NMR (DMSO-dg, 6 ppm): 96.6, 101.2, 114.3, 116.5,
116.62, 116.67,124.8,127.9,128.2, 128.5, 129.7, 132.6, 141.1, 146.3, 158.6, 168.4, 170.0, (Ar-C);
MS, m/z (%): 381.02 (M*) (10), 382.05 (M + 1) (55), 383 (M + 2) (20), consistent with the
molecular formula C17H15N70O,S.

4-((4-((1H-indazol-5-yl)amino)pyrimidin-2-yl)amino)-N-(thiazol-2-yl)benzenesulfonamide 4h, Yield:
59%; m.p.: 211-213 °C; IR (Umax/cm~1): 3290-2372 (4NH), 3143 (CH, aromatic), 1328, 1138
(SO,); TH NMR (DMSO-dg, 6 ppm): 6.6-6.8 (m, 2H, Ar), 7.2 (s, 1H, indazole, CH-4), 7.53-7.7
(m, 6H, Ar), 8.05-8.08 (m, 3H, Ar-H), 9.4, 11.2, 11.4, 12.8 (4s, 4H, 4NH); 3C-NMR (DMSO-dg,
b ppm): 100.7, 108.5, 110.9, 114.3, 121.8, 123.0, 125.0, 127.2, 127.4, 128.1, 130.3, 134.0, 138.3,
140.6, 142.8, 152.2, 161.5, 169.2, 169.3 (Ar-C); MS, m/z (%): 463 (M — 1) (15), 466 (M + 2) (4),
consistent with the molecular formula CpygH76NgO7S,.

N4-(1H-indazol-5-yl)-N2-(3,4,5-trimethoxyphenyl) pyrimidine-2,4-diamine 4i, Yield: 57%; m.p.:
202-204 °C; IR (Umax/cm~1): 3340-3322 (3NH), 3101 (CH, aromatic); 'H NMR (DMSO-dg,
0 ppm): 3.63 (s, 3H, OCHj3 at ph-C-4), 3.69 (s, 6H, 20CH3;, ph-C-3,5), 6.5 (s, 1H, indazol,
CH-4), 6.8 (s, 2H, ph, CH-2,6), 7.48-8.2 (m, 5H, Ar), 10.3, 10.9, 13.1 (3s, 3H, 3NH); '*C-NMR
(DMSO-dg, 6 ppm): 56.0, 56.5 (20CH3, ph, C-3,5), 60.5 (OCHj3, ph, C-4), 99.2 (2C, ph,
CH-2,6),101.2,110.9, 113.8, 123.0, 123.1,123.3, 123.3, 131.1, 133.8, 138.0, 153.2, 153.8, 170.84
(Ar-C); MS, m/z (%): 392 (M*) (20), 393 (M + 1) (96), consistent with the molecular formula
Ca0H20NgOs.

6.2. Biological Assays
6.2.1. MTT Cytotoxicity Assay

The synthesized compounds 4a—i were added to the tested cells MCF-7, A549, and
Caco2 using concentrations ranging from 0.1 to 10 uM for 48 h. Then, 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide (MTT) was added. The plates were incubated for
3 h before being read with Wallac Victor2 1420 multilabel counter in fluorescence mode
at the wavelength (460/590 nm). Molecule concentrations needed to inhibit 50% of cell
growth (ICsg) were calculated, and Staurosporine was used as a positive control.

6.2.2. Caspase-3/7 Assay

Caspase-3/7 activity was calculated using Caspase-3/7 Green Flow Cytometry Assay
Kit Catalog # C10427.
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6.2.3. Cell Cycle Analysis

Apoptosis was measured using an Annexin V-FITC Apoptosis Detection Kit and
analyzed using FACSCalibur flow cytometer.

6.3. Molecular Dynamic Study
6.3.1. System Preparation and Molecular Docking

The crystal structure of human caspase-3 was assessed at a resolution of 2.80 A, which
was retrieved from the protein data bank with codes 1GFW [44] and prepared using UCSF
Chimera [45]. Using PROPKA, pH was fixed and optimized to 7.5 [46]. The extracted 2D
structure was drawn using ChemBioDraw Ultra 12.1 [47]. The steepest descent approach
and MMFF94 force field in Avogadro software [48] were used to optimize the 2D structure
for energy minimization. In preparation for docking, hydrogen atoms were removed using
UCSF chimera [45].

6.3.2. Molecular Docking

AutoDock Vina was used for docking calculations [49], and Gasteiger partial
charges [50] were allocated during docking. The AutoDock graphical user interface offered
by MGL tools was used to outline the AutoDock atom types [51]. The grid box was deter-
mined with grid parameters x = —36.6310, y = 37.0493, and z = 31.466 for the dimension
and x = 15.9631, y = 14.398, and z = 10 for the central grid and exhaustiveness = 8. The
Lamarckian genetic algorithm [52] was used to create docked conformations in descending
order based on their docking energy.

6.3.3. Molecular Dynamic (MD) Simulations

The integration of Molecular Dynamic (MD) simulations in biological system studies
enables exploring the physical motion of atoms and molecules that cannot be easily accessed
by any other means [53]. The insight extracted from performing this simulation provides an
intricate perspective into the biological systems” dynamic evolution, such as conformational
changes and molecule association [53]. The MD simulations of all systems were performed
using the GPU version of the PMEMD engine present in the AMBER 18 package [54]. The
partial atomic charge of each compound was calculated with ANTECHAMBER’s General
Amber Force Field (GAFF) technique [55]. The Leap module of the AMBER 18 package
implicitly solvated each system within an orthorhombic box of TIP3P water molecules
within 10 A of any box edge. The leap module was used to neutralize each system by
incorporating Na* and Cl~ counterions. A 2000-step initial minimization of each system
was carried out in the presence of a 500 kcal/mol applied restraint potential, followed by
a 1000-step full minimization using the conjugate gradient algorithm without restraints.
During the MD simulation, each system was gradually heated from 0 K to 300 K over
500 ps, ensuring that all systems had the same amount of atoms and volume. The system’s
solutes were subjected to a 10 kcal/mol potential harmonic constraint and a 1 ps collision
frequency. Following that, each system was heated and equilibrated for 500 ps at a constant
temperature of 300 K. To simulate an isobaric-isothermal (NPT) ensemble, the number of
atoms and pressure within each system for each production simulation were kept constant,
with the system’s pressure maintained at 1 bar using the Berendsen barostat [56]. For 20 ns,
each system was MD simulated. The SHAKE method was used to constrain the hydrogen
bond atoms in each simulation. Each simulation used a 2fs step size and integrated an
SPFP precision model. An isobaric-isothermal ensemble (NPT) with randomized seeding,
constant pressure of 1 bar, pressure-coupling constant of 2 ps, temperature of 300 K, and a
Langevin thermostat with a collision frequency of 1 ps was used in the simulations.

6.3.4. Post-MD Analysis

After saving the trajectories obtained by MD simulations every 1 ps, the trajectories
were analyzed using the AMBERI1S suite’s CPPTRA] [57] module. The Origin [58] data
analysis program and Chimera [45] were used to create all graphs and visualizations.
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6.3.5. Thermodynamic Calculation

The Poisson-Boltzmann or generalized Born and surface area continuum solvation
(MM/PBSA and MM/GBSA) approach is useful in the estimation of ligand-binding affini-
ties [59-61]. The Protein-Ligand complex molecular simulations used by MM/GBSA and
MM/PBSA compute rigorous statistical-mechanical binding free energy within a defined
force field.

Binding free energy averaged over 200 snapshots extracted from the entire 20 ns
trajectory. The estimation of the change in binding free energy (AG) for each molecular
species (complex, ligand, and receptor) can be represented as follows: [62].

AGpind = Geomplex — Greceptor — Gligand @
AGping = Egas + Ggo1 — TS ()

Egas = Eint + Evaw + Eele 3)

Gsol = Gap + Gsa 4

Gga = YSASA 5)

The terms Egas, Eint, Ecle, and Eyq, symbolize the gas—phase energy, internal energy,
Coulomb energy, and van der Waals energy. The Egas was directly assessed from the FF14SB
force field terms. Solvation free energy (Gyo) was evaluated from the energy involvement
from the polar states (Ggp) and non-polar states (G). The non-polar solvation free energy
(Gsa) was determined from the Solvent Accessible Surface Area (SASA) [63,64] using
a water probe radius of 1.4 A. In contrast, solving the GB equation assessed the polar
solvation (Ggp) contribution. Items S and T symbolize the total entropy of the solute and
temperature, respectively. The MM /GBSA-binding free energy method in Amber18 was
used to calculate the contribution of each residue to the total binding free energy.

6.3.6. Computation of Drug-like Parameters and ADMET Profiling

The online tool kit Molinspiration (http:/ /www.molinspiration.com/ (accessed on 16
April 2023)) and the OSIRIS property explorer were used to compute drug-like features
from the above-mentioned compounds’ 2D chemical structures [65-67].

Pre-ADMET online server (https://preadmet.bmdrc.kr/ (accessed on 16 April 2023))
was used for calculating pharmacokinetic parameters such as adsorption, distribution,
metabolism, excretion, and some of the computed properties such as human intestinal
absorption (HIA%), Caco2 cell permeability (nm/s), MDCK (Medin-Darbey Canine Kidney
Epithelial Cells) cell permeability (nm/s), plasma protein binding (%), blood-brain barrier
penetration (C. brain/C. blood), and Pgp inhibition [68]. Molinspiration’s (http://www.
molinspiration.com/ (accessed on 16 April 2023)) online tool kit predicted the bioactivity
of synthesized compounds, and OSIRIS property explorer estimated toxicity characteristics
such as mutagenicity, tumorigenicity, irritating effects, and reproductive impacts [69].

Author Contributions: Conceptualization, HM.A.-T., S.A.A. and HM.A. (Hamad M. Alkahtani);
Methodology, HM.A.-T. and A.A.; Software, A.A.E.-R. and HM.A. (Hanan M. Alshibl); Formal
analysis, M.E.H.; Investigation, E.5.A.-A., S.A.A. and HM.A. (Hamad M. Alkahtani); Writing—
original draft, HM.A.-T. and S.A.A.; Writing—review & editing, E.S.A.-A_; Supervision, E.S.A.-A.
and HM.A. (Hamad M. Alkahtani). All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.


http://www.molinspiration.com/
https://preadmet.bmdrc.kr/
http://www.molinspiration.com/
http://www.molinspiration.com/

Molecules 2023, 28, 3664 17 of 19

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This research project was supported by a grant from the “Research Center of the
Female Scientific and Medical Colleges”, Deanship of Scientific Research, King Saud University.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kumar, B.; Sharma, P.; Gupta, V.P,; Khullar, M; Singh, S.; Dogra, N.; Kumar, V. Synthesis and biological evaluation of pyrimidine
bridged combretastatin derivatives as potential anticancer agent and mechanistic studies. Bioorg. Chem. 2018, 78, 130-140.
[CrossRef] [PubMed]

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
Bray, F.; Ferlay, ].; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef]

Sabnis, A.J.; Bivona, T.G. Principles of resistance to targeted cancer therapy: Lessons from basic and translational cancer biology.
Trends Mol. Med. 2019, 25, 185-197. [CrossRef]

Sharma, V.; Chitranshi, N.; Agarwal, A K. Significance and biological importance of pyrimidine in the microbial world. Int. J.
Med. Chem. 2014, 2014, 202784. [CrossRef]

Dai, X.J.; Xue, L.P; Ji, SK,; Zhou, Y.; Gao, Y.; Zheng, Y.C.; Liu, H.M.; Liu, H.M. Triazole-fused pyrimidines in target-based
anticancer drug discovery. Eur. ]. Med. Chem. 2023, 249, 115101. [CrossRef] [PubMed]

Hu, G,; Wang, C; Xin, X,; Li, S;; Li, Z.; Zhao, Y.; Gong, P. Design, synthesis and biological evaluation of novel 2, 4-
diaminopyrimidine derivatives as potent antitumor agents. New J. Chem. 2019, 43, 10190-10202. [CrossRef]

Xu, Y;; Hao, S.-Y.; Zhang, X.-].; Li, W.-B.; Qiao, X.-P.; Wang, Z.-X.; Chen, S.-W. Discovery of novel 2, 4-disubstituted pyrimidines as
Aurora kinase inhibitors. Bioorg. Med. Chem. Lett. 2020, 30, 126885. [CrossRef]

Naika, N.S.; Shastri, L.A.; Chougalaa, B.M.; Samundeeswari, S.; Holiyachi, M.; Joshi, S.D.; Sunagar, V. Synthesis of novel aryl
and coumarin substituted pyrazolo[1,5-a]pyrimidine derivatives as potent anti-inflammatory and anticancer agents. Chem. Data
Collect. 2020, 30, 100550. [CrossRef]

Zhan, Z.; Ai, J.; Liu, Q.; Ji, Y.;; Chen, T,; Xu, Y.; Geng, M.; Duan, W. Discovery of anilinopyrimidines as dual inhibitors of c-Met and
VEGEFR-2: Synthesis, SAR, and cellular activity. ACS Med. Chem. Lett. 2014, 5, 673—-678. [CrossRef] [PubMed]

Luo, G.; Tang, Z.; Lao, K.; Li, X; You, Q.; Xiang, H. Structure-activity relationships of 2, 4-disubstituted pyrimidines as dual
ERa/VEGEFR-2 ligands with anti-breast cancer activity. Eur. |. Med. Chem. 2018, 150, 783-795. [CrossRef]

Jo,J.; Kim, S.H.; Kim, H.; Jeong, M.; Kwak, ].-H.; Han, Y.T.; Jeong, ].-Y.; Jung, Y.-S.; Yun, H. Discovery and SAR studies of novel
2-anilinopyrimidine-based selective inhibitors against triple-negative breast cancer cell line MDA-MB-468. Bioorg. Med. Chem.
Lett. 2019, 29, 62-65. [CrossRef] [PubMed]

AboulWafa, O.M.; Daabees, H.M.; Badawi, W.A. 2-Anilinopyrimidine derivatives: Design, synthesis, in vitro anti-proliferative
activity, EGFR and ARO inhibitory activity, cell cycle analysis and molecular docking study. Bioorg. Chem. 2020, 99, 103798.
[CrossRef] [PubMed]

Malumbres, M.; Barbacid, M. Cell cycle, CDKs and cancer: A changing paradigm. Nat. Rev. Cancer 2009, 9, 153-166. [CrossRef]
[PubMed]

Volov, A.N.; Volov, N.A.; Platonova, Y.B. Design and synthesis of novel 5-alkynyl pyrimidine nucleosides derivatives: Influence
of C-6-substituent on antituberculosis activity. Bioorg. Med. Chem. Let. 2021, 48, 128261. [CrossRef]

Haiba, M.E.; Fathalla, O.A.; Zeid, LE,; Soliman, A.-M.M.; El-Moez, S.I.A.; El-Serwy, W.S. Synthesis and evaluation of some novel
tetrahydropyrimidine derivatives as antimicrobial and cytotoxic agent. Res. Chem. Intermed. 2013, 39, 3763-3774. [CrossRef]
Denya, I.; Malan, S.F.; Joubert, ]. Indazole derivatives and their therapeutic applications: A patent review. Expert Opin. Ther. Pat.
2018, 28, 441-453. [CrossRef]

Cerecetto, H.; Gerpe, A.; Gonzalez, M.; Aran, V].; Ocariz, C.O. Pharmacological properties of indazole derivatives: Recent
developments. Mini-Rev. Med. Chem. 2005, 5, 869-878. [CrossRef]

Thangadurai, A.; Minu, M.; Wakode, S.; Agrawal, S.; Narasimhan, B. Indazole: A medicinally important heterocyclic moiety. Med.
Chem. Res. 2012, 21, 1509-1523. [CrossRef]

Murugavel, S.; Deepa, S.; Ravikumar, C.; Ranganathand, R.; Alagusundaram, P. Synthesis, structural, spectral and antibacterial
activity of 3,3a,4,5-tetrahydro-2H-benzo[glindazole fused carbothioamide derivatives as antibacterial agents. . Mol. Struct. 2020,
1222,128961. [CrossRef]

Kerru, N.; Gummidi, L.; Maddila, S.; Gangu, K.K.; Jonnalagadda, S.B. A review on recent advances in nitrogen-containing
molecules and their biological applications. Molecules 2020, 25, 1909. [CrossRef] [PubMed]

Ye, Y.; Kevlishvili, I.; Feng, S.; Liu, P.; Buchwald, S.L. Highly enantioselective synthesis of indazoles with a C3-quaternary chiral
center using CuH catalysis. ]. Am. Chem. Soc. 2020, 142, 10550-10556. [CrossRef] [PubMed]


https://doi.org/10.1016/j.bioorg.2018.02.027
https://www.ncbi.nlm.nih.gov/pubmed/29554587
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.molmed.2018.12.009
https://doi.org/10.1155/2014/202784
https://doi.org/10.1016/j.ejmech.2023.115101
https://www.ncbi.nlm.nih.gov/pubmed/36724635
https://doi.org/10.1039/C9NJ02154J
https://doi.org/10.1016/j.bmcl.2019.126885
https://doi.org/10.1016/j.cdc.2020.100550
https://doi.org/10.1021/ml500066m
https://www.ncbi.nlm.nih.gov/pubmed/24944742
https://doi.org/10.1016/j.ejmech.2018.03.018
https://doi.org/10.1016/j.bmcl.2018.11.010
https://www.ncbi.nlm.nih.gov/pubmed/30447889
https://doi.org/10.1016/j.bioorg.2020.103798
https://www.ncbi.nlm.nih.gov/pubmed/32247112
https://doi.org/10.1038/nrc2602
https://www.ncbi.nlm.nih.gov/pubmed/19238148
https://doi.org/10.1016/j.bmcl.2021.128261
https://doi.org/10.1007/s11164-012-0879-0
https://doi.org/10.1080/13543776.2018.1472240
https://doi.org/10.2174/138955705774329564
https://doi.org/10.1007/s00044-011-9631-3
https://doi.org/10.1016/j.molstruc.2020.128961
https://doi.org/10.3390/molecules25081909
https://www.ncbi.nlm.nih.gov/pubmed/32326131
https://doi.org/10.1021/jacs.0c04286
https://www.ncbi.nlm.nih.gov/pubmed/32408745

Molecules 2023, 28, 3664 18 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

Elsayed, N.M.; Serya, R.A.; Tolba, M.E,; Ahmed, M.; Barakat, K.; El Ella, D.A.A.; Abouzid, K.A. Design, synthesis, biological
evaluation and dynamics simulation of indazole derivatives with antiangiogenic and antiproliferative anticancer activity. Bioorg.
Chem. 2019, 82, 340-359. [CrossRef] [PubMed]

Lukasik, PM.; Elabar, S.; Lam, E; Shao, H.; Liu, X.; Abbas, A.Y.; Wang, S. Synthesis and biological evaluation of imidazo[4,5-
b]pyridine and 4-heteroaryl-pyrimidine derivatives as anti-cancer agents. Eur. |. Med. Chem. 2012, 57, 311-322. [CrossRef]
[PubMed]

Borisa, A.C.; Bhatt, H.G. A comprehensive review on Aurora kinase: Small molecule inhibitors and clinical trial studies. Eur. ].
Med. Chem. 2017, 140, 1-19. [CrossRef]

Elsayed, N.M.; Abou El Ella, D.A.; Serya, R.A.; Tolba, M.E;; Shalaby, R.; Abouzid, K.A. Design, synthesis and biological evaluation
of indazole—pyrimidine based derivatives as anticancer agents with anti-angiogenic and antiproliferative activities. Med. Chem.
Comm. 2016, 7, 881-899. [CrossRef]

Saleh, N.M.; EI-Gaby, M.S.; EI-Ad], K.; Abd El-Sattar, N.E. Design, green synthesis, molecular docking and anticancer evaluations
of diazepam bearing sulfonamide moieties as VEGFR-2 inhibitors. Bioorg. Chem. 2020, 104, 104350. [CrossRef]

Naaz, F; Srivastava, R.; Singh, A.; Singh, N.; Verma, R.; Singh, V.K.; Singh, R K. Molecular modeling, synthesis, antibacterial and
cytotoxicity evaluation of sulfonamide derivatives of benzimidazole, indazole, benzothiazole and thiazole. Bioorg. Med. Chem.
2018, 26, 3414-3428. [CrossRef]

Zhang, X.; Chen, W.; Li, C.; Wu, X. An efficient and practical synthesis of antibacterial linezolid. J. Chem. Res. 2009, 12, 739-740.
Haiba, M.E.; Al-Abdullah, E.S.; Ahmed, N.S.; Ghabbour, H.A.; Awad, H.M. Efficient and easy synthesis of New benzo[h]chromene
and benzo[h]quinoline derivatives as a new class of cytotoxic agents. J. Mol. Struct. 2019, 1195, 702-711. [CrossRef]

Hassan, A.S.; Mostafa, G.O.; Awad, H.M.; Nossier, E.S.; Mady, M.F. Design, synthesis, anticancer evaluation, enzymatic assays,
and a molecular modeling study of novel pyrazole-indole hybrids. ACS Omega 2021, 6, 12361-12374. [CrossRef]

Hamdy, N.A.; Anwar, M.M.; Abu-Zied, K.M.; Awad, H.M. Synthesis, tumor inhibitory and antioxidant activity of new poly-
functionally 2-substituted 5,6,7,8-tetrahydronaphthalene derivatives containing pyridine, thioxopyridine and pyrazolopyridine
moieties. Acta Pol. Pharm.-Drug Res. 2013, 70, 987-1001.

Mirzaei, S.; Eisvand, F.; Hadizadeh, F.; Mosaffa, F.; Ghasemi, A.; Ghodsi, R. Design, synthesis and biological evaluation of novel
5,6,7-trimethoxy-N-aryl-2-styrylquinolin-4-amines as potential anticancer agents and tubulin polymerization inhibitors. Bioorg.
Chem. 2020, 98, 103711. [CrossRef]

Hasanin, M.; Hashem, A .H.; El-Rashedy, A.A.; Kamel, S. Synthesis of novel heterocyclic compounds based on dialdehyde
cellulose: Characterization, antimicrobial, antitumor activity, molecular dynamics simulation and target identification. Cellulose
2021, 28, 8355-8374. [CrossRef]

Machaba, K.E.; Mhlongo, N.N.; Soliman, M.E.S. Induced Mutation Proves a Potential Target for TB Therapy: A Molecular
Dynamics Study on LprG. Cell Biochem. Biophys. 2018, 76, 345-356. [CrossRef]

Pan, L.; Patterson, ].C.; Deshpande, A.; Cole, G.; Frautschy, S. Molecular Dynamics Study of Zn(A() and Zn(A)2. PLoS ONE
2013, 8, 70681-70688. [CrossRef]

Wijffels, G.; Dalrymple, B.; Kongsuwan, K.; Dixon, N. Conservation of Eubacterial Replicases. IUBMB Life 2005, 57, 413-419.
[CrossRef]

Richmond, T.J. Solvent accessible surface area and excluded volume in proteins: Analytical equations for overlapping spheres
and implications for the hydrophobic effect. . Mol. Biol. 1984, 178, 63-89. [CrossRef]

Cournia, Z.; Allen, B.; Sherman, W. Relative Binding Free Energy Calculations in Drug Discovery: Recent Advances and Practical
Considerations. J. Chem. Inf. Model. 2017, 57, 2911-2937. [CrossRef]

Nassar, A.E.F.; Kamel, A.M.; Clarimont, C. Improving the decision-making process in the structural modification of drug
candidates: Enhancing metabolic stability. Drug Discov. Today 2004, 9, 1020-1028. [CrossRef] [PubMed]

Porter, A.G.; Janicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99-104. [CrossRef] [PubMed]
Nicholson, D.W.; Thornberry, N.A. Caspases: Killer proteases. Trends Biochem. Sci. 1997, 22, 299-306. [CrossRef]

Thornberry, N.A.; Lazebnik, Y. Caspases: Enemies within. Science 1998, 281, 1312-13126. [CrossRef]

Lee, D.; Long, S.A.; Adams, ].L.; Chan, G.; Vaidya, K.S.; Francis, T.A.; Kikly, K.; Winkler, ].D.; Sung, C.-M.; Debouck, C.; et al.
Potent and selective nonpeptide inhibitors of caspases 3 and 7 inhibit apoptosis and maintain cell functionality. J. Biol. Chem.
2000, 275, 16007-160014. [CrossRef]

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605-1612. [CrossRef]

Li, H.; Robertson, A.D.; Jensen, ].H. Very fast empirical prediction and rationalization of protein pKa values. Proteins 2005, 61,
704-721. [CrossRef] [PubMed]

Halford, B. Reflections On ChemDraw. Chem. Eng. News Arch. 2014, 92, 26-27. [CrossRef]

Hanwell, M.D.; Curtis, D.E.; Lonie, D.C.; Vandermeersch, T.; Zurek, E.; Hutchison, G.R. Avogadro: An advanced semantic
chemical editor, visualization, and analysis platform. J. Cheminform. 2012, 4, 17. [CrossRef]

Trott, O.; Olson, A.]. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 2010, 31, 455-461. [CrossRef]

Bikadi, Z.; Hazai, E. Application of the PM6 semi-empirical method to modeling proteins enhances docking accuracy of AutoDock.
J. Cheminform. 2009, 1, 15. [CrossRef]


https://doi.org/10.1016/j.bioorg.2018.10.071
https://www.ncbi.nlm.nih.gov/pubmed/30428414
https://doi.org/10.1016/j.ejmech.2012.09.034
https://www.ncbi.nlm.nih.gov/pubmed/23085105
https://doi.org/10.1016/j.ejmech.2017.08.045
https://doi.org/10.1039/C5MD00602C
https://doi.org/10.1016/j.bioorg.2020.104350
https://doi.org/10.1016/j.bmc.2018.05.015
https://doi.org/10.1016/j.molstruc.2019.05.081
https://doi.org/10.1021/acsomega.1c01604
https://doi.org/10.1016/j.bioorg.2020.103711
https://doi.org/10.1007/s10570-021-04063-7
https://doi.org/10.1007/s12013-018-0852-7
https://doi.org/10.1371/journal.pone.0070681
https://doi.org/10.1080/15216540500138246
https://doi.org/10.1016/0022-2836(84)90231-6
https://doi.org/10.1021/acs.jcim.7b00564
https://doi.org/10.1016/S1359-6446(04)03280-5
https://www.ncbi.nlm.nih.gov/pubmed/15574318
https://doi.org/10.1038/sj.cdd.4400476
https://www.ncbi.nlm.nih.gov/pubmed/10200555
https://doi.org/10.1016/S0968-0004(97)01085-2
https://doi.org/10.1126/science.281.5381.1312
https://doi.org/10.1074/jbc.275.21.16007
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/prot.20660
https://www.ncbi.nlm.nih.gov/pubmed/16231289
https://doi.org/10.1021/cen-09233-scitech1
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1186/1758-2946-1-15

Molecules 2023, 28, 3664 19 of 19

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Huey, R.; Morris, G.M. Using Autodock with Autodocktools: A Tutorial; The Scripps Research Institute Molecular Graphics Laboratory:
San Diego, CA, USA, 2008; pp. 1-56.

Morris, G.M.; Goodsell, D.S.; Halliday, R.S.; Huey, R.; Hart, W.E.; Belew, R K.; Olson, A.]. Automated Docking Using a Lamarckian
Genetic Algorithm and an Empirical Binding Free Energy Function. J. Comput. Chem. 1998, 19, 1639-1662. [CrossRef]

Hospital, A.; Goiii, J.R.; Orozco, M.; Gelpi, J.L. Molecular dynamics simulations: Advances and applications. Adv. Appl. Bioinform.
Chem. 2015, 8, 37-47.

Lee, T.S.; Cerutti, D.S.; Mermelstein, D.; Lin, C.; LeGrand, S.; Giese, T.J.; Roitberg, A.; Case, D.A.; Walker, R.C.; York, D.M.
GPU-Accelerated Molecular Dynamics and Free Energy Methods in Amber18: Performance Enhancements and New Features. J.
Chem. Inf. Model. 2018, 58, 2043-2050. [CrossRef]

Wang, J.; Wang, W.; Kollman, P.A.; Case, D.A. Automatic atom type and bond type perception in molecular mechanical
calculations. J. Mol. Graph. Model. 2006, 25, 247-260. [CrossRef]

Berendsen, H.].C.; Postma, ]. P.M.; van Gunsteren, W.E,; DiNola, A.; Haak, ].R. Molecular dynamics with coupling to an external
bath. J. Chem. Phys. 1984, 81, 3684-3690. [CrossRef]

Roe, D.R;; Cheatm, T.E. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory Data. J.
Chem. Theory Comput. 2013, 9, 3084-3095. [CrossRef]

Seifert, E. OriginPro 9.1: Scientific data analysis and graphing software—Software review. |. Chem. Inf. Model. 2014, 54, 1552.
[CrossRef]

Kollman, P.A.; Massova, L; Reyes, C.; Kuhn, B.; Huo, S.; Chong, L.; Lee, M,; Lee, T,; Duan, Y.; Wang, W.; et al. Calculating
structures and free energies of complex molecules: Combining molecular mechanics and continuum models. Acc. Chem. Res.
2000, 33, 889-897. [CrossRef] [PubMed]

Ylilauri, M.; Pentikdinen, O.T. MMGBSA as a tool to understand the binding affinities of filamin-peptide interactions. J. Chem. Inf.
Model. 2013, 53, 2626-2633. [CrossRef] [PubMed]

Hayes, M.].; Archontis, G. MM-GB(PB)SA Calculations of Protein-Ligand Binding Free Energies. In Molecular Dynamics—Studies
of Synthetic and Biological Macromolecules; InTech: London, UK, 2012; pp. 1-22.

Hou, T.; Wang, J.; Li, Y.; Wang, W. Assessing the performance of the MM /PBSA and MM/GBSA methods. 1. The accuracy of
binding free energy calculations based on molecular dynamics simulations. J. Chem. Inf. Model. 2011, 51, 69-82. [CrossRef]
[PubMed]

Greenidge, P.A.; Kramer, C.; Mozziconacci, ].C.; Wolf, RM. MM/GBSA binding energy prediction on the PDBbind data set:
Successes, failures, and directions for further improvement. J. Chem. Inf. Model. 2013, 53, 201-209. [CrossRef]

Sitkoff, D.; Sharp, K.A.; Honig, B. Accurate calculation of hydration free energies using macroscopic solvent models. J. Phys.
Chem. 1994, 98, 1978-1988. [CrossRef]

Saluja, S.; Zou, R.; Drach, J.C.; Townsend, L.B. Structure-Activity Relationships among 2-Substituted 5,6-Dichloro-, 4,6-Dichloro-,
and 4,5-Dichloro-1-[(2-hydroxyethoxy)methyl]- and -1-[(1,3-dihydroxy-2-propoxy)methyl]benzimidazoles. . Med. Chem. 1996, 39,
881-891. [CrossRef] [PubMed]

El-Kashef, H.S.; El-Emary, T.I,; Gasquet, M.; Timon-David, P.; Maldonado, J.; Vanelle, P. New pyrazolo[3,4-b]pyrazines: Synthesis
and biological activity. Pharmazie 2000, 55, 572-576.

Ben Hadda, T.; Rastija, V.; AlMalki, F; Titi, A.; Touzani, R.; Mabkhot, Y.N.; Khalid, S.; Zarrouk, A.; Siddiqui, B.S. Pe-
tra/Osiris/Molinspiration and Molecular Docking Analyses of 3-Hydroxy-Indolin-2-one Derivatives as Potential Antiviral
Agents. Curr. Comput. Aided Drug 2019, 17, 123-133. [CrossRef] [PubMed]

Dulsat, J.; Lopez-Nieto, B.; Estrada-Tejedor, R.; Borrell, ].I. Evaluation of Free Online ADMET Tools for Academic or Small Biotech
Environments. Molecules 2023, 28, 776. [CrossRef]

Molecular Properties Prediction—Osiris Property Explorer [Internet]. Available online: https://www.organic-chemistry.org/
prog/peo/ (accessed on 16 April 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/(SICI)1096-987X(19981115)19:14&lt;1639::AID-JCC10&gt;3.0.CO;2-B
https://doi.org/10.1021/acs.jcim.8b00462
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1063/1.448118
https://doi.org/10.1021/ct400341p
https://doi.org/10.1021/ci500161d
https://doi.org/10.1021/ar000033j
https://www.ncbi.nlm.nih.gov/pubmed/11123888
https://doi.org/10.1021/ci4002475
https://www.ncbi.nlm.nih.gov/pubmed/23988151
https://doi.org/10.1021/ci100275a
https://www.ncbi.nlm.nih.gov/pubmed/21117705
https://doi.org/10.1021/ci300425v
https://doi.org/10.1021/j100058a043
https://doi.org/10.1021/jm950556a
https://www.ncbi.nlm.nih.gov/pubmed/8632412
https://doi.org/10.2174/1573409916666191226110029
https://www.ncbi.nlm.nih.gov/pubmed/31878861
https://doi.org/10.3390/molecules28020776
https://www.organic-chemistry.org/prog/peo/
https://www.organic-chemistry.org/prog/peo/

	Introduction 
	Results and Discussion 
	Chemistry 
	Biological Evaluation 
	MTT Cytotoxicity Assay 
	Cell Effects of Compounds 4f and 4i 
	Apoptosis Induction and Caspase-3/7 Activation 


	Computational Studies 
	Molecular Dynamic and System Stability 
	Binding Interaction Mechanism Based on Binding Free Energy Calculation 
	Identification of the Critical Residues Responsible for Ligand Binding 
	Ligand–Residue Interaction Network Profiles 
	In Silico ADMET Properties Prediction 

	Structure–Activity Relationship 
	Conclusions 
	Experimental Section 
	Chemistry 
	General Method for the Synthesis of N-(2-Chloro-5-substituted pyrimidin-4-yl)-1H -indazol-5-amine (Compounds 3a and b) 
	General Procedure for Preparation of Compounds 4a–i 

	Biological Assays 
	MTT Cytotoxicity Assay 
	Caspase-3/7 Assay 
	Cell Cycle Analysis 

	Molecular Dynamic Study 
	System Preparation and Molecular Docking 
	Molecular Docking 
	Molecular Dynamic (MD) Simulations 
	Post-MD Analysis 
	Thermodynamic Calculation 
	Computation of Drug-like Parameters and ADMET Profiling 


	References

