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ARTICLE INFO ABSTRACT
Keywords: In the current medical era, human health is experiencing numerous challenges, particularly the human malig-
Anticancer nancies. Therefore, the therapeutic arsenal for these malignancies is to be inexorably enhanced with new

CDK2 inhibitors
Indolin-2-one
Thiazolobenzimidazole
Molecular docking
Molecular dynamics

treatments that target tumor cells in a selective manner. In this regard, the present work aims at developing a
new set of small molecules featuring the privileged isatin scaffold conjugated with a thiazolo[3,2-a]benzimid-
azole (TBI) motif through a cleavable hydrazide linker (7a-e and 10a-i) as potential anticancer CDK2 inhibitors.
The large tricyclic TBI motif is anticipated to achieve a plethora of hydrophobic interactions within the CDK2
binding site. The growth of the two examined cell lines was significantly inhibited by most the prepared hybrids
with ICs ranges; (2.60 + 1.47-20.90 + 1.17 uM, against MDA-MB-231) and (1.27 + 0.06-16.83 + 0.95 uM,
against MCF-7). In particular, hybrids 7a, 7d and 10a displayed potent dual activity against the examined cell
lines, and thus selected for further investigations. They exerted a significance alteration in the cell cycle pro-
gression, in addition to an apoptosis induction within both MDA-MB-231 and MCF-7 cells. Furthermore, 7a, 7d
and 10a displayed potent CDK2 inhibitory action (ICsp = 96.46 + 5.3, 26.24 + 1.4 and 42.95 + 2.3 nM,
respectively). The docking simulations unveiled, as expected, the ability of the TBI ring to well-accommodate and
establish several hydrophobic interactions within a hydrophobic pocket in the CDK2 binding site. Also, the
docking simulations highlighted the significance of incorporation of the hydrazide linker and isatin unsubstituted
(NH) functionality in the H-bonding interactions. Interestingly, the most potent CDK2 inhibitor 7d achieved the
best binding score (-11.2 Kcal/mole) and formed the most stable complex with CDK2 enzyme (RMSD = 1.24 10\)
in a 100 ns MD simulation. In addition, the MM-PBSA calculations ascribed the lowest binding free energy to the
7d-CDK2 complex (—323.69 + 15.17 kJ/mol). This could be attributed to an incorporation of the 5-OCH3 group
that was engaged in an extra hydrogen bonding with key THR14 amino acid residue. Finally, these results
suggested hybrid 7d as a good candidate for further optimization as promising breast cancer antitumor agent and
CDK2 inhibitor.
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1. Introduction

Cancer is one of the major global health problems, characterized by
rapid and uncontrolled cell proliferation [1], and still considered a
major cause of death worldwide [2]. The early cancer treatment stra-
tegies were based on the unspecific death induction in replicating cells
that mainly targeting the DNA synthesis [3-5] and the replication ma-
chinery [6-9]. These traditional cytotoxic chemotherapies were asso-
ciated with significant adverse effects due to the nature of the treatment
in addition to the resistance developed toward them [10]. So, the search
for new effective and safe anticancer agents with increased selectivity
toward cancer cells is still a crucial need [11,12]. In this respect, the
more recent strategies (the targeted therapies) aim to identify and target
specific biomarkers fundamental for cancer cells such as deregulated,
mutated, or overexpressed proteins [13]. In recent past, protein kinases
represented important molecular targets for the development of novel
anticancer agents and in this manner numerous kinase inhibitors are
already in the clinical use and trials [14,15].

Cyclin-dependent kinases (CDKs) are family of threonine-serine
protein kinases that regulate fundamental cellular processes, such as
gene transcription, cell cycle progression and cell division [16,17]. In
mammalian cells, the CDK family consisted of 20 members (CDK1-20)
where their cellular functions are activated by association of CDK with
corresponding regulatory protein subunits named cyclins. The human
genome encodes 29 cyclins which form active complexes with their CDK
partners [18-22]. In this manner, CDK2, one significant member of
CDKs family, complexed with cyclin E enables retinoblastoma protein
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(pRb) phosphorylation, and activation of transcription factors E2F that
promotes the cell cycle transition from G1 to S phase [23]. In addition,
CDK2 complexed with cyclinA, promotes continuous DNA replication
and properly programmed deactivation of E2F. Thus, CDK2 has become
a significant drug target for the treatment of cancer [18]. Recently,
CDK2 inhibitors evidenced as therapeutic targets in ovarian cancer [24],
neuroblastoma [25] and BRCA-deficient cancers [26]. In addition,
several CDK2 inhibitors had been developed and some of them intro-
duced to clinical evaluation (roscovitine, CYC065, dinaciclib, AT7519,
milciclib) [27,28].

Isatin (1H-indole-2,3-dione), as an important privileged scaffold in
medicinal chemistry, represents a leading and promising heterocyclic
nucleus that is included in many small molecules possessing a wide
range of interesting biological activities such as antimicrobial, antiviral,
anticonvulsant and many other activities [29-38], with a great interest
of the development of efficient isatin-based anticancer agents [39-41]
such as Semaxanib, Sunitinib, and Nintedanib (Fig. 1) [42].

In this respect, many isatin-based derivatives were reported as po-
tential inhibitors for several tyrosine and serine/threonine kinases such
as CDKs [43,44]. In addition, several isatin hybrids were reported for
their promising anticancer activities [45-47].

Our research group, in the current year, has reported three studies
concerning the development of diverse series of isatin-based anticancer
candidates with potential CDK2 inhibitory activity [48-50]. In these
studies, the isatin scaffold was conjugated to an indol-2-yl motif through
a hydarzide linker (Compound I, Fig. 1), as well as it was conjugated to
an indol-3-yl motif through acetohydrazide or hydrazone linkers
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Fig. 1. Chemical structures for isatin-based anticancer agents (Semaxanib, Sunitinib, and Nintedanib), reported isatin-based anticancer CDK2 inhibitors (I-III), and

target hybrids (7a-e and 10a-i).



W.M. Eldehna et al.

(Compounds II and III, respectively, Fig. 1). The results obtained from
these three studies ascribed to the developed isatin-based conjugates I
and I moderate inhibitory activity toward CDK2 (85% inhibition at 20
pM and 58% inhibition at 10 pM, respectively). Worthy of note, conju-
gation of isatin scaffold with the more lipophilic N-propyl-indole moiety
in compound III, than N-unsubstituted indole moieties in compounds I
and II, resulted in the best inhibitory activity (compound III; IC59 = 0.85
pM, Fig. 1). This could be attributed to the ability of compound III to
achieve more hydrophobic interactions than compounds I and II within
the hydrophobic CDK2 binding site.

On the other hand, thiazolo[3,2-a]benzimidazole (TBI) is considered
a scaffold of interest in the field of medicinal and pharmaceutical
chemistry with diverse biological properties especially anticancer ac-
tivities[51-53].

In the light of all the findings mentioned above, and as part of our
ongoing endeavor to develop novel oxindole-based anticancer candi-
dates targeting CDK2 [48-50], this study was devoted to develop a new
set of small molecules featuring oxindole scaffold conjugated with a
thiazolo[3,2-a]benzimidazole (TBI) motif through a cleavable flexible
hydrazide linker (7a-e and 10a-i, Fig. 1) as potential anticancer CDK2
inhibitors. In this study, the indole moiety in the previously reported
oxindole-based derivatives (I-III, Fig. 1) was replaced with a TBI one,
exploiting a bioisosteric replacement approach. The large tricyclic TBI
motif is anticipated to achieve a plethora of hydrophobic and Van der
Waals interactions within the hydrophobic CDK2 binding site [54],
whereas, the TBI sp? nitrogen is expected to engage a hydrogen bond
within the CDK2 active site.

All the herein newly synthesized isatin-TBI hybrids (7a-e and 10a-i)
were screened for their anti-proliferation activity against two cancer cell
lines; MDA-MB-231 and MCF-7. Then, the most promising analogues, in
the cytotoxic assay, were evaluated for their activity against CDK2, as
well as their impact on cell cycle progression and provoke of apoptosis
were explored.

2. Results and discussion
2.1. Chemistry

The synthetic strategies deliberated for preparation of the novel
isatin-TBI hybrids (7a-e and 10a-i) were illustrated in Schemes 1-2. In
Scheme 1, 1H-benzimidazole-2-thiol 1 was reacted with ethyl 2-chloro-
3-oxobutanoate 2 in absolute ethanol to furnish intermediate 3, which
then heterocyclized to ethyl 3-methylbenzo[4,5]imidazo[2,1-b]thia-
zole-2-carboxylate 4 via heating under reflux in acetic anhydride. The
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ester analogue 4 was subjected to hydrazinolysis to produce the key
intermediate hydrazide 5, which condensed with different isatin moi-
eties (6a-e) in glacial acetic acid to give the targeted hybrids 7a-e.

On the other hand, isatin 6a and 5-bromoisatin 6¢ were N-alkylated
with different alkyl halides 8a-g in anhydrous DMF to furnish N-
substituted isatins 9a-i that thereafter condensed with the hydrazide
intermediate 5 in glacial acetic acid to produce the final novel com-
pounds 10a-i (Scheme 2).

The proposed novel isatin-TBI hybrids 7a-e and 10a-i were in full
agreement with the obtained spectral and elemental analyses data. 'H
NMR spectra for all herein reported new compounds (7a-e and 10a-i)
identified the presence of two singlet signals for protons of the C-3
methyl group and NH functionality of the hydrazide linker at range §
3.22-3.23 ppm and 11.99-13.10 ppm, respectively. In addition, the
structure of compounds 7a-e was confirmed with presence of another
singlet signal for NH of isatin moiety at range § 11.02-11.85 ppm.
Moreover, 'H NMR spectra for compounds 10d-g and 10i revealed the
presence of benzylic protons at range 5 4.99-5.05 ppm, whereas, 'H
NMR spectra for compounds 10b and 10 h showed two triplet peaks for
—CH,—CHj3 and N-CH; around 6 0.90 and 3.71 ppm, respectively, in
addition to a multiplet peak assigned for —CH,—CH3 protons at 6 1.69
and 1.66 ppm, respectively.

On the other hand, '3C NMR spectra for target hybrids (7a, 7b, 10a,
10b, 10d, 10f, and 10 g) displayed the signals attributable for the
carbons of C-3 methyl group, C=O0 of the isatin moiety, and C=O0 of the
hydrazide linker at range § 14.17-21.50 ppm, 159.86-163.09 ppm and
168.96-172.74 ppm, respectively. In addition, the benzylic carbons of
compounds 10d-g and 10i were identified at range 6 41.83-46.45 ppm.

2.2. Biological evaluation

2.2.1. Anti-proliferative activity towards breast MDA-MB-231 and MCF-7
cancer cell lines

All of the newly herein synthesized isatin-TBI hybrids (7a—e and
10a-i) were screened for their potential anti-proliferation activity to-
wards MDA-MB-231 and MCF-7 breast cancer cell lines, using the pro-
cedure of the Sulforhodamine B colorimetric (SRB) assay [55].
Staurosporine, an anticancer agent, was used as a positive control drug
and the results have been reported as ICs( values and showed in Table 1.

Analyzing the results towards MDA-MB-231 cell line revealed that all
of the N-unsubstituted isatin-TBI series 7a-e possessed excellent cyto-
toxic activity with single digit micromolar ICsq values (ICsg range: 3.30
+0.21-8.62 + 0.51 uM), with an exception for 5-F substituted hybrid 7b
(ICs0 = 42.64 + 2.9 uM). In particular, 5-OCHjs substituted hybrid 7d

4

6a-e (0]

S" HN-NH,

Scheme 1. Synthesis of target isatin-TBI hybrids 7a-e; Reagents and conditions: (i) Abs. EtOH / TEA / reflux 6 h/(yield = 75%),(ii) Acetic anhydride / reflux 5 h/
(yield = 83%), (iii) hydrazine hydrate / isopropyl alcohol / reflux 6 h/ (yield = 88%), (iv) Glacial acetic acid / reflux 3-5 h / (yield: 72-84%).
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Scheme 2. Synthesis of N-substituted isatin-TBI hybrids 10a-i; Reagents and conditions: (i) Anhydrous DMF / K,COs3 / reflux 4 h/ (yield: 70-85%) (ii) Glacial acetic

acid / reflux 3-5 h/ (yield: 68-86%).

was the most active derivative with ICsg = 3.30 + 0.21 uM which was
comparable to Staurosporine that displayed ICs equals 4.29 + 0.72 uM,
whereas, other isatin-TBI hybrids (7a, 7c and 7e) showed significant
cytotoxicity activity with ICso = 6.50 + 0.32, 8.62 + 0.51 and 8.11 +
0.33 uM, respectively.

In a similar fashion, the results towards MCF-7 cell line showed that
all N-unsubstituted isatin-TBI hybrids 7a-e displayed potent anti-
proliferative activity with single digit micromolar ICsy (ICso range:
2.02 £ 0.13-9.39 + 0.62 uM), with the exception of the same compound,
7b (ICsp = 16.83 + 0.95 uM). With aforementioned cell line, the

Table 1
In vitro anti-proliferative activity of compounds7a-e and 10a-i against breast
MDA-MB-231 and MCF-7 cancer cell lines.

Comp. R Ry ICs (UM)?
MDA-MB-231 MCF-7

7a H - 6.50 + 0.32 2.02 +0.13
7b F - 42.64 £2.9 16.83 + 0.95
7c Br - 8.62 £+ 0.51 9.39 £ 0.62
7d OCH3 - 3.30 + 0.21 5.82 + 0.32
7e NO, - 8.11 £ 0.33 6.32 + 0.48
10a H methyl 2.60 £+ 1.47 3.01 £0.22
10b H n-propyl 18.06 + 1.58 9.80 + 0.67
10c H allyl 13.73 +£1.26 1.27 + 0.06
10d H benzyl 5.45 +0.28 6.66 + 0.43
10e H 3-F-benzyl 15.89 + 2.03 3.37 £ 0.05
10f H 4-F-benzyl 7.65 + 0.26 26.02 + 1.52
10g H 4-CN-benzyl 20.90 + 1.17 7.38 + 0.34
10h Br n-propyl 4.77 £ 0.23 5.88 + 0.29
10i Br benzyl 20.34 + 1.67 10.33 + 0.66
Staurosporine 4.29 £ 0.72 3.81 £0.22

@ 1Csp values are the mean = S.D. of triplicate experiments.

unsubstituted hybrid 7a was the most active counterpart (ICsg = 2.02 +
0.13 pM) in this study with potency comparable to the utilized reference
Staurosporine (ICsg = 3.81 + 0.22 uM). Moreover, hybrids 7¢, 7d and
7e, showed excellent cytotoxic activity with ICso = 9.39 + 0.62, 5.82 +
0.32 and 6.32 + 0.48 pM, respectively (Table 1).

On the other hand, exploring the anticancer activities of the N-
substituted isatin-TBI hybrids series 10a-i towards MDA-MB-231 cell
line revealed that N-substitution with only methyl (10a; IC5p = 2.60 +
1.47), N-benzyl (10d; IC5¢ = 5.45 + 0.28 uM) and 4-F-benzyl group (10f;
ICs50 = 7.65 + 0.26 uM) maintained the activity, compared to the
unsubstituted analog 7a (ICsg = 6.50 + 0.32 uM). Whereas, N-substi-
tution with the N-ally (10c), N-propyl (10b) and N-4-CN-benzyl (10g)
decreased the cytotoxic activity with ICsg = 13.73 + 1.26, 18.06 + 1.58,
20.90 + 1.17 uM, respectively.

In addition, the N-substituted (10h) and (10i) showed different
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Fig. 2. Effect of isatin-TBI hybrids 7a, 7d and 10a on the phases of cell cycle of
MDA-MB-231 cells.
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cytotoxic effect towards MDA-MB-231 cell line compared to the N-
unsubstituted analog 7¢ (ICsp = 8.62 + 0.51 uM); while the N-propyl
substitution (10h) enhanced the potency (IC5g = 4.77 + 0.23 uM), the N-
benzyl (10i) decreased the potency (ICso = 20.34 + 1.67 uM).
Furthermore, the anti-proliferative activities of the N-substituted oxin-
dole series 10a—-i towards MCF-7 cell line revealed that only N-allyl
(10c) maintained the activity compared to the unsubstituted analog 7a
(ICs50 = 2.02 + 0.13 uM) while the remaining derivatives decreased the
activity with ICs¢ ranged from 3.01 + 0.22 pM to 26.02 + 1.52 uM
(Table 1).

2.2.2. Cell cycle analysis

It is well known that most of the cytotoxic compounds exert their
anti-proliferative effect via arresting the cell cycle at certain phase. In
this study, we examined the effect of the most potent isatin-TBI hybrids
(7a, 7d and 10a) on cell cycle progression in order to define the phase at
which cell cycle arrest takes place in both MDA-MB-231 and MCF-7
breast cancer cell lines. The effect on the cell cycle distribution was
assessed by a DNA flow cytometry analysis, upon incubation of MDA-
MB-231 and MCF-7 cells with isatin-TBI hybrids 7a, 7d and 10a at
theirICso concentrations for 24 h. As shown in the results, (Fig. 2),
treatment of MDA-MB-231 cells with 7a, 7d and 10a resulted in sig-
nificant decrease in the cell population at the GO/G1 phase from 47.87%
for the untreated control to 34.01%, 29.14% and 23.35%, respectively,
for the treated cells (Fig. 2). In addition, hybrids 7a, 7d and 10a resulted
in an increase of G2/M phase by 1.6-, 2.0- and 2.3-fold, respectively,
with concomitant elevation in the sub-G1 phase by 6.9-, 10.4- and 12.7-
fold, respectively, in comparison to the control (Fig. 2).

Similarly, treatment of MCF-7 cells with the most active hybrids 7a,
7d and 10a resulted in significant decrease in the percentage cell pop-
ulation at the GO/G1 phase to 19.94%, 33.53% and 24.94%, respec-
tively, compared to that of the untreated control cells, which was
48.77% (Fig. 3). Also, hybrids 7a, 7d and 10a resulted in a significant
increase of the proportion of cells in the G2/M phase by 2.5-, 1.8- and
2.4-fold, respectively, in addition to elevation in the sub-G1 phase by
15.8-, 9.9- and 12.6-fold, respectively, in comparison to the control
(Fig. 3). This upsurge of populations in the sub-G1 phase along with the
arrest of G2-M phase were significant remarks for compounds 7a, 7d and
10a to induce apoptosis in both MDA-MB-231 and MCF-7cell lines.

2.2.3. Apoptosis assay

Apoptosis as a major mechanism of the programmed cell death plays
an important role in cancer metastasis [56-58]. Thus, apoptosis induc-
tion is considered as one of the main strategies for the development of
anticancer agents [59]. In this study, the potential role of apoptosis in
arresting the breast cancer (MDA-MB-231 and MCF-7) cells, when
treated with the newly synthesized isatin-TBI hybrids, was assessed.
Cells were treated with isatin-TBI hybrids 7a, 7d and 10a then stained
with Annexin V-FITC/PL

100+

50+
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As presented in Fig. 4, dual staining with Annexin-V and propidium
iodide (PI) revealed that MDA-MB-231 cell underwent both early
apoptosis (annexin-V'/PI’, lower right quadrant) and late apoptosis
(annexin-V'/PI", upper right quadrant). Significantly, the percent of
early stage was increased from 0.62% of the control cells to 6.92%,
11.25% and 8.52% of cells incubated with hybrids 7a, 7d and 10a,
respectively. Also, the percent of late stage was increased from 0.39% of
the control cells to 5.14%, 8.82% and 16.49% of cells treated with
compounds 7a, 7d and 10a, respectively. These indicated that com-
pounds 7a, 7d and 10a were able to induce an approximately 11.9-,
19.9- and 24.8-folds total increase in apoptosis, respectively, compared
to the control for MDA-MB-231cell line.

On the other hands, results presented in Fig. 5, showed that MCF-7
cells incubated with hybrids 7a, 7d and 10a displayed a significant in-
crease of the percent of early apoptosis from 0.54% of the control cells to
6.99%, 4.82% and 8.31% of cells treated with hybrids 7a, 7d and 10a,
respectively. Also, the percent of late apoptosis was increased to
22.17%, 10.33% and 14.46% of cells treated with hybrids 7a, 7d and
10a, respectively, compared to 0.37% of the control cells. These illus-
trated that the examined hybrids 7a, 7d and 10a were able to increase
the percent of total apoptosis by approximately 32.0-, 16.6- and 25.0-
fold, respectively, compared to the control for MCF-7cells. In a word,
the obtained results showed that the tested hybrids 7a, 7d and 10a were
significantly able to induce both early and late apoptosis stages in both
MDA-MB-231 and MCF-7 breast cancer cell lines.

2.2.4. CDK2 inhibitory activity

The excellent in vitro anti-proliferative effects of isatin-TBI hybrids
7a, 7d and 10a against both MDA-MB-231 and MCF-7 cell lines, in
addition to their induction of apoptosis, motivated a further exploration
for their possible inhibitory activity against the cell cycle regulator
CDK2 protein kinase.

The results presented in Table 2 showed that 5-OCHjs substituted
hybrid 7d was the most potent derivative with ICsq value of 26.24 nM
that was superior to Staurosporine which exhibited ICsy value of 38.5
nM, followed by hybrids 10a and 7a with ICsq value of 42.95 and 96.46
nM, respectively.

2.3. Insilico study

2.3.1. Insilico ADME calculations

Compounds are considered potential candidates for drug discovery
when they achieve a desired biological activity alongside with accept-
able pharmacokinetic profiles. Thus, both the pharmacodynamics and
pharmacokinetic profiles were taken in our perspective point of view
when judging the potentiality of the three candidate hybrids7a, 7d and
10a. The SwissADME online tool created by the Swiss Institute of Bio-
informatics (SIB) in order to calculate the ADME profiles and drug-like
nature of the three lead hybrids. They all were predicted to have high
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Fig. 3. Effect of isatin-TBI hybrids 7a, 7d and 10a on the phases of cell cycle of MCF-7 cells.
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Fig. 4. Effect of hybrids 7a, 7d and 10a on the percentage of annexin V-FITC-positive staining in MDA-MB-231 cells. The experiments were done in triplicates.
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Fig. 5. Effect of 7a, 7d and 10a on the percentage of annexin V-FITC-positive staining in MCF-7 cells. The experiments were done in triplicates.

GIT absorption as they were located in the white area of Human Intes-
tinal absorption in Boiled egg chart [60] (Fig. 6). These three com-
pounds, 7a, 7d, and 10a, might have no penetration ability to the BBB as
they were located away from the yellow area of BBB penetrations and

thus, they could be used safely for peripheral tumors with no CNS

Table 2
Inhibitory activity of isatin-TBI hybrids 7a, 7d and 10a
against CDK2/Cyclin A2.
Compound 1Cs (nM)
CDK2
7a 96.46 + 5.3
7d 26.24 + 1.4
10a 42.95 £ 2.3
Staurosporine 385+ 21

complication.

The high bioavailability of the three leads could be attributed to their
optimum physicochemical properties as demonstrated by the bioavail-
ability radar chart (Fig. 7). The chart contains six critical parameters for

oral absorption: FLEX (Flexibility), LIPO (Lipophilicity), INSATU
(Saturation), INSOLU (Solubility), SIZE and POLAR (Polarity). The chart
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Fig. 6. Boiled Egg chart showing the oral absorption of the synthesized hybrids (7a, 7d and 10a) and their ability to penetrate the BBB.
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Fig. 7. The oral bioavailability radar chart of the tested hybrids. (A) 7a (B) 7d (C) 10a. The pink area represents the range of the optimal property values for oral
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Table 3
The in silico predicted ADME and medicinal chemistry properties of the most
active hybrids7a, 7d and 10a.

Parameter 7a 7d 10a
GIA High High High
BBB No No No
P-gP substrate Yes Yes Yes
CYP1A2 inhibitor Yes Yes Yes
CYP2C19 inhibitor Yes Yes Yes
CYP2C9 inhibitor Yes Yes Yes
CYP2D6 inhibitor Yes Yes Yes
CYP3A4 inhibitor Yes Yes Yes
Veber Violations 0 0 0
LipinskiViolations 0 0 0

GIA (gastrointestinal absorption), BBB (Blood Brain Barrier), PgP (P-glyco pro-
tein transporter), CYP1A2, CYP2C19, CYP2C9, CYP2D6 and CYP3A4 are the five
major isoforms of cytochromes P450 (CYP). PAINS (Pan Assay Interference
Structures). Veber's rule summarized as number of rotatable bonds < 10 and the
TPSA < 140 A. Lipinski rule summarized as MWT < 500, Number of hydrogen
bond acceptors < 10, Number of hydrogen bond donors < 5 and LogP < 5.

contains a pink area representing the optimal range of the six properties
and red lines representing the predicted physicochemical properties of
the compounds (Fig. 7). All the physicochemical properties of hybrids
(7a, 7d and 10a) were located in the desired range of all parameters
except for the INSATU (saturation) (Fig. 7).

The metabolism of the three examined hybrids, as most of drugs, are
predicted to take part in the liver by the CYTP450 enzymes, so they are
suggested to be administered alone to minimize the possible drug-drug
interactions. On the other hand, these hybrids were found to have no
violations in all drug likeness rules (Lipinski, Veber and Muegge) with
only alertness for PAINS assay due to the presence of exocyclic imine
functionality [61,62]. Table 3 summarizes all the predicted ADME and
medicinal chemistry properties of the three lead hybrids. In conclusion,
it was found that isatin-TBI hybrids (7a, 7d and 10a) demonstrated not
only good biological actions but also an acceptable predicted ADME and
physicochemical properties.

2.3.2. Docking results

One of the most valuable drug design techniques is the docking
strategy which has been implemented in many research works to pro-
vide insights about the possible binding modes of drugs to their targets,
as well as predicting their affinities by scoring them according to energy
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Fig. 8. 2D (Left side) and 3D (right side) interactions of the three Leads (A) 7a (B) 7d (C) 10a.

and interactions. But docking is an error prone technique and should
always be validated either by comparison to experimental reference or
further supported by molecular dynamics results.

In this regard, the co-crystalized ligand was re-docked to its CDK2
enzyme. The calculated RMSD values between the co-crystalized ligand
and docked pose were 0.62 A in the presence of water and 0.7 A in the
absence of water, so the water molecules were removed to increase the
diversity of selected compounds [63]. All the explored isatin-TBI hybrids

(7a, 7d and 10a) achieved high binding affinities and strong interaction
patterns with their target even more than the reference ligand which
achieved a score of —9.5 Kcal/mole. Hybrid 7d achieved the highest
score with —11.2 Kcal/mole, whereas, hybrids 7a and 10a achieved
scores of —10.4 and —10.9 Kcal/mole, respectively. Interestingly, the
three hybrids were able to form diverse types of interaction, with large
number of bonds.

The outcomes of the docking simulations for isatin-TBI hybrids (7a,
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Table 4
The detailed interaction and binding scores of the lead compounds 7a, 7d and
10a.

Compound  Score (Kcal Bond type Distance
\Mole)

7a -10.4 Hydrogen bond with LYS33 1.71
Hydrogen bond with ASN132 2.62
Pi-Anion interaction with ASP145 4.28
Pi-Anion interaction with ASP145 3.64
Pi-Pi with PHE80 5.44
Pi-Pi with PHE80 5.19
Alkyl-Alkyl with VAL18 3.75
Pi-Alkyl with VAL18 4.14
Pi-Alkyl with VAL18 5.14
Pi-Alkyl with LEU134 4.09
Pi-Alkyl with LEU134 4.72
Pi-Alkyl with ALA144 4.66
Pi-Alkyl with ALA144 4.59
Pi-Alkyl with ALA31 3.81
Pi-Alkyl with ALA31 4.31
Pi-Alkyl with VAL64 5.07

7d -11.2 Hydrogen bond with LYS33 1.81
Hydrogen bond with ASN132 2.58
Hydrogen bond with THR14 2.75
Pi-Anion interaction with ASP145 3.62
Pi-Anion interaction with ASP145 4.22
Non-classical carbon Hydrogen bond 2.63
with GLY13
Non-classical carbon Hydrogen bond 2.74
with GLY13
Pi-Pi with PHE80 5.44
Alkyl-Alkyl with VAL18 3.67
Pi-Alkyl with VAL18 5.03
Pi-Alkyl with VAL18 4.11
Pi-Alkyl with LEU134 4.11
Pi-Alkyl with LEU134 4.61
Pi-Alkyl with ALA144 4.59
Pi-Alkyl with ALA144 4.73
Pi-Alkyl with ALA144 2.83
Pi-Alkyl with ALA31 4.30
Pi-Alkyl with ALA31 3.84
Pi-Alkyl with VAL64 5.27

10a -10.9 Hydrogen bond with LYS33 3.62
Ionic interaction with ASP145 1.89
Pi-Anion interaction with ASP145 4.18
Pi-Pi with PHES0 4.17
Pi-Pi with PHESO 5.27
Pi-Sulfur with PHE8O 4.92
Alkyl-Alkyl with VAL18 4.45
Pi-Alkyl with VAL18 3.49
Pi-Alkyl with VAL18 5.17
Pi-Alkyl with LEU134 4.17
Pi-Alkyl with LEU134 4.30
Pi-Alkyl with ALA144 4.92
Pi-Alkyl with ALA144 4.68
Pi-Alkyl with ALA31 4.61
Pi-Alkyl with ALA31 4.28
Pi-Alkyl with VAL64 4.96
Pi-Alkyl with VAL64 5.34

7d and 10a) unveiled, as expected, the ability of the tricyclic thiazolo
[3,2-albenzimidazole ring to well-accommodate in a hydrophobic
pocket within the CDK2 binding site, establishing several hydrophobic
interactions with non-polar residues lining this pocket, such as VAL18,
ALA31, VAL64, PHE80, LEU134 and ALA144.

On the other hand, inspection of the docking poses for the examined
hybrids revealed the ability of oxindole ring in both N-unsubstituted
hybrids 7a and 7d to be engaged in a hydrogen bond interaction via its
(NH) functionality with ASN132 amino acid residue. Moreover, the
docking simulations for hybrids 7a, 7d and 10a revealed a binding
interaction in which the (C=0) of the hydrazide spacer acted as an
essential H-bond acceptor for LYS33 in the CDK2 binding site (Fig. 8).

Worthy of note, substitution of oxindole moiety with 5-methoxy
group in hybrid 7d resulted in an extra hydrogen bond interaction
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with THR14 which may explain its superior in vitro CDK2 inhibitory
activity (ICso = 26.24 nM) over hybrids 7a and 10a (IC5yp = 42.95 and
96.46 nM, respectively, Table 2). Regrettably, the TBI sp2 nitrogen
didn’t engage a hydrogen bond within the CDK2 active site. The detailed
interactions established by the three examined hybrids 7a, 7d and 10a
within the CDK2 active site were summarized in Table 4.

2.3.3. Molecular dynamics

In the past few decades, molecular dynamics (MD) has been imple-
mented as an inevitable tool for drug discovery studies. It has proven its
worth in identification of potential inhibitors for promising targets,
studying the nature of macromolecules or interpretations of drug re-
sistances [64-66]. In this work, MD has been conducted to validate the
predicted binding mode from the docking study. As docking provides
only a preferred static conformation, it is more reliable to monitor the
binding strength between a ligand and its target enzyme for a period of
times (usually in Nano seconds) using MD simulations. RMSD provided
from MD simulations is a trusted parameter to judge the stability of a
ligand-target complex. RMSD reached at the maximum dynamicity 1.24
A for hybrid 7d, while reached 1.67 A and 1.58 A for hybrids 7a and
10a, respectively (Fig. 9). This indicates the greater ability of hybrid 7d
to form a stable complex with CDK2 enzyme than hybrids 7a and 10a.

This ability is assumed to be due to the extra hydrogen bonding with
THR14 achieved by the additional 5-methoxy group of hybrid 7d, thus
this assumption was validated by measuring the stability of the formed
hydrogen bonds between each ligand and the CDK2 enzyme through the
entire MD simulation using GROMACS built-in commands for measuring
hydrogen bond distances. Generally, the distance between the hydrogen
bond donor and the hydrogen bond acceptor in a valid hydrogen bond
should be always less than 3.5 A. This condition was maintained in all
the formed hydrogen bonds for the three hybrids which indicates a
stable valid binding (Table 5).

2.3.4. MM-PBSA binding free energy calculations

Another valuable indicator to assess the strength of binding between
a ligand and its target is the calculated MM-PBSA binding free energy
generated by MD simulations. This is more reliable than the single
conformation-based score calculated from than docking study, as in MD
simulation, the binding free energies are calculated for every confor-
mation saved in the trajectory. Thus, the g mmpbsa package was
implemented to calculate the MM-PBSA binding free energy for the
three complexes by using MmPbSaStat.py python script which allows
the package to calculate the total free energy for each component of the
complex i.e. (the energy of the complex, receptor and the ligand, etc.).
Furthermore, the free energy for each component could be calculated by
the cumulative sum of its molecular mechanics potential energy in a
vacuum and the free energy of solvation. The free energy of solvation
includes the polar solvation energy (electrostatic) and nonpolar solva-
tion energy (non-electrostatic) [67]. One of the most widely used
nonpolar models is the solvent accessible surface area (SASA) [67]. All
those types of energies were calculated by the g mmpbsa package along
with the values standard deviation and then summed together to yield
the average total free energy of each component. Finally, the binding
free energy could be calculated by subtracting the total free energy of
the receptor and the total free energy of the ligand from the total free
energy of the complex. The binding free energy of isatin-TBI hybrids 7a,
7d and 10a are summarized in Table 6. Complexes with lesser binding
free energy are considered to be more stable and have stronger binding
interactions.

Generally, 7d-CDK2 complex was better than 7a and 10a complexes
in the binding free energy. Its average binding free energy reached
—323.69 + 15.17, while 7a and 10a average binding free energy
reached —298.47 + 15.17 and —311.49 + 15.37 kJ/mol, respectively.
The overall results of the three dynamic simulations supported and
validated the proposed binding mode for the examined hybrids, as well
as ascribed to hybrid 7d a higher affinity and stronger binding
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Fig. 9. RMSD of 100 ns MD simulations for isatin-TBI hybrids (7a, 7d and 10a) in complex with CDK2.

Table 5
The average distances of all the hydrogen bonds formed between hybrids 7a, 7d
and 10a and CDK2 through the entire 100 ns MD simulation.

Compound Hydrogen bond name Average distance (A®) + SD
7a Hydrogen bond with LYS33 1.75 £ 0.11
Hydrogen bond with ASN132 2.57 £ 0.1
7d Hydrogen bond with LYS33 1.90 + 0.13
Hydrogen bond with ASN132 2.64 £ 0.07
Hydrogen bond with 2.73 + 0.05
10a Hydrogen bond with LYS33 1.83 + 0.09
Table 6

MM-PBSA calculations of the binding free energy for the three complexes; 7a, 7d
and 10a.

Complex  AEbinding AEgectrostatic AEvander AEpolar SASA (4,
(kj/mol) (kj/mol) Waal (kj/mol)  solvation (kj/  mol)
mol)
7a —298.47 —-107.22 £ —268.13 100.40 + —23.52
+ 11.52 14.36 + 16.45 12.03 + 1.74
7d —323.69 —120.36 + —277.85 102.14 + —27.62
+15.17 14.51 + 17.06 11.95 +2.01
10a —311.49 —117.20 + —270.34 103.22 + —-27.17
+15.37 15.13 + 16.98 12.18 + 1.84

interaction, which could be attributed to incorporation of the methoxy
group that was involved in an extra hydrogen bonding with CDK2 active
site.

3. Conclusions

In the present study, replacement of indole moiety in the previously
reported oxindole-based compounds with a thiazolo[3,2-a]benzimid-
azole one, resulted in development of promising CDK2 inhibitors that
showed excellent anti-proliferative activity towards breast cancer cell
lines. All the synthesized hybrids (7a—-e and 10a—i) were characterized
for their potential anti-proliferative action towards MDA-MB-231 and
MCF-7 breast cancer cell lines. The N-unsubstituted oxindole series 7a—e
showed moderate to excellent cytotoxic activity with ICsy ranged from
2.02 £+ 0.13 uM to 42.64 + 2.9 uM against both cell lines. 7a was the
most active derivative against MCF-7 cell line with IC5p = 2.02 £+ 0.13
uM, whereas 7d was the most active hybrid against MDA-MB-231 cell
line with ICsp = 3.30 + 0.21 uM, and both showed superior activity to
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the reference drug Staurosporine. Similarly, the N-substituted series
10a-i revealed moderate to excellent activity and the most active de-
rivative 10a had ICsyp = 2.60 + 1.47 uM and 3.01 + 0.22 uM towards
MDA-MB-231 and MCF-7cell line, respectively. In addition, cell cycle
analysis for the most active compounds 7a, 7d and 10a showed
remarkable decrease in the cell population at the GO/G1 phase with
concomitant elevation of G2/M phase suggested that the cell cycle was
mainly arrested in the G2/M phase in both cell lines. Furthermore, an
Annexin V-FITC/PI analysis evidenced that the three candidates were
able to induce an approximately (11.9-, 19.9- and 24.8-fold) and (32.0-,
16.6- and 25.0-fold) total apoptosis increase in MDA-MB-231 and MCF-
7cell lines, respectively, compared to the control. The results of CDK2
inhibitory activity for hybrids 7a, 7d and 10a, showed that 7d was the
most potent one with ICsy value of 26.24 nM that was superior to the
reference drug, Staurosporine which exhibited ICsg value of 38.5 nM,
followed by compounds 10a and 7a. These results gave indications that
the anti-proliferative activity might be due to inhibition of CDK2
enzyme. The docking simulations unveiled, as expected, the ability of
the TBI ring to well-accommodate and establish several hydrophobic
interactions within a hydrophobic pocket in the CDK2 binding site. Also,
the docking simulations highlighted the significance of incorporation of
the hydrazide linker and isatin unsubstituted (NH) functionality in the
H-bonding interactions. Interestingly, the most potent CDK2 inhibitor
7d achieved the best binding score (-11.2 Kcal/mole) and formed the
most stable complex with CDK2 enzyme (RMSD = 1.24 A) in a 100 ns
MD simulation. In addition, the MM-PBSA calculations ascribed the
lowest binding free energy to the 7d—CDK2 complex (—323.69 + 15.17
kJ/mol). This could be attributed to an incorporation of the 5-OCHj
group that was engaged in an extra hydrogen bonding with key THR14
amino acid. Collectively, these results suggested compound 7d as a good
candidate for further optimization as promising breast cancer antitumor
agent and CDK2 inhibitor.

4. Experimental
4.1. Chemistry

4.1.1. General

The NMR spectra have been recorded by Bruker spectrometer at 400
MHz.'3C NMR spectra were run at 100 MHz in deuterated dime-
thylsulfoxide (DMSO-d6). Chemical shifts (5y) are reported relative to
the solvent (DMSO-dg). Infrared spectra were recorded on Schimadzu
FT-IR 8400S spectrophotometer. Elemental analyses were performed
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using FLASH 2000 CHNS/O analyzer, Thermo Scientific at the Regional
Center for Mycology and Biotechnology (RCMB), Al-Azhar University,
Cairo. All reagents and solvents were purified and dried by standard
techniques. The purity of the prepared hybrids was greater than 95%, as
determined by HPLC analysis. Intermediates 4 [68,69] and 9a-i were
prepared as described previously [48,70].

4.1.2. Synthesis of 3-methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbohy-
drazide 5

To a stirred hot solution of ethyl 3-methylbenzo[4,5]imidazo[2,1-b]
thiazole-2-carboxylate 4 (1 g, 3.8 mmol) in 30 mL of isopropyl alcohol,
hydrazine hydrate (0.25 mL, 7.5 mmol) was added. The reaction
mixture was refluxed for 6 h, and then poured onto ice water. The
formed precipitate was collected under vacuum, washed with diethyl
ether and recrystallized from DMF/EtOH mixture to furnish the key
intermediate 5 in a good yield (88%) [68].

4.1.3. Synthesis of targeted final compounds 7a-e and 10a-i

3-Methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbohydrazide 5
(0.3 g, 1.2 mmol) was heated with equivalent amount of different isatin
derivatives (6a-e or 9a-i) in glacial acetic acid for 3-5 h with TLC
monitoring. On completion of the reaction, the contents of flask cooled
to room temperature, the formed product was collected by filtration,
washed with water and petroleum ether and recrystallized form
dioxane/EtOH mixture to furnish the final compounds 7a-e and 10a-i,
respectively.

4.1.3.1. 3-Methyl-N’-(2-oxoindolin-3-ylidene)benzo[4,5]imidazo[2,1-b]
thiazole-2-carbohydrazide 7a. Yellow powder (yield 82%), m.p.
>300 °C; 'H NMR & ppm: 3.23 (s, 3H, CH3), 6.97 (d, 1H, Ar—H, J = 8.0
Hz), 7.14 (t, 1H, Ar—H, J = 8.0 Hz), 7.32 (t, 1H, Ar—H, J = 8.0 Hz),
7.40-7.46 (m, 2H, Ar—H), 7.67 (d, 1H, Ar—H, J = 8.0 Hz), 7.73 (d, 1H,
Ar—H, J = 8.0 Hz), 8.10 (d, 1H, Ar—H, J = 8.0 Hz), 11.35 (s, 1H, NH of
2-indolinone), 12.99 (s, 1H, NH of hydrazide spacer); 13C NMR s ppm:
14.81 (CH3), 111.81, 113.46, 117.68, 119.20, 119.98, 121.84, 123.35,
124.92, 127.54, 128.84, 132.53, 135.09, 138.05, 138.97, 143.16,
148.84, 163.09 (C=O0 2-indolinone), 168.96 (C—=0 hydrazide spacer);
IR (KBr, v cm’l) 3280, 3245 (2NH) and 1723, 1705 (2C=0); MS m/z
[%]: 375 [M™, 6.47], 90 [100]; Anal. Calcd. for C;9H;3N502S: C, 60.79;
H, 3.49; N, 18.66; found C, 60.95; H, 3.46; N, 18.58; HPLC (tyet) = 4.37
min (98.1% at 254 nm).

4.1.3.2. N’-(5-Fluoro-2-oxoindolin-3-ylidene)-3-methylbenzo[4,5Jimidazo
[2,1-b]thiazole-2-carbohydrazide 7b. Red powder (yield 75%), m.p.
>300 °G; 'H NMR & ppm: 3.20 (s, 3H, CH3), 6.94-6.97 (m, 1H, Ar—H),
7.20 (t, 1H, Ar—H, J = 9.0 Hz), 7.29 (t, 1H, Ar—H, J = 8.0 Hz),
7.39-7.45 (m, 2H, Ar—H), 7.70 (d, 1H, Ar—H, J = 8.0 Hz), 8.08 (d, 1H,
Ar—H, J = 8.0 Hz), 11.23 (s, 1H, NH of 2-indolinone), 13.03 (s, 1H, NH
of hydrazide spacer); 13C NMR & ppm: 21.50 (CHs), 112.89, 113.44,
119.19, 120.81, 121.83, 122.62, 123.64, 124.91, 130.46, 134.08,
139.40, 142.32, 149.52, 152.30, 155.69, 157.67, 160.74 (C=0 2-indo-
linone), 172.54 (C=O0 hydrazide spacer); IR (KBr, v em™ D) 3300, 3240
(2NH) and 1735, 1702 (2C=0); MS m/z [%]: 393 [M", 16.30], 142
[100]; Anal. Calcd. for C;9H12FNs0,S: C, 58.01; H, 3.07; N, 17.80; found
C, 57.78; H, 3.12; N, 17.93; HPLC (tret) = 3.90 min (97.3% at 254 nm).

4.1.3.3. N’-(5-Bromo-2-oxoindolin-3-ylidene)-3-methylbenzo[4,5]imi-

dazo[2,1-b]thiazole-2-carbohydrazide 7c. Orange powder (yield 79%),
m.p. >300 °C; 'HNMR & ppm: 3.22 (s, 3H, CH3), 6.88 (d, 1H, Ar—H, J =
8.5Hz), 7.28 (t, 1H, Ar—H, J = 8.5 Hz), 7.38 (t, 1H, Ar—H, J = 8.0 Hz),
7.52 (d, 1H, Ar—H, J = 8.0 Hz), 7.68-7.70 (m, 2H, Ar—H), 8.06 (d, 1H,
Ar—H, J = 8.0 Hz), 11.32 (s, 1H, NH of 2-indolinone), 13.01 (s, 1H, NH
of hydrazide spacer); IR (KBr, v em ™) 3295, 3271 (2NH) and 1732,
1701 (2C=0); Anal. Calcd. for C;9H15BrN505S: C, 50.23; H, 2.66; N,
15.42; found C, 50.41; H, 2.64; N, 15.33; HPLC (tye) = 5.21 min (97.9%
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at 254 nm).

4.1.3.4. N’-(5-Methoxy-2-oxoindolin-3-ylidene)-3-methylbenzo[4,5]imi-
dazo[2,1-b]thiazole-2-carbohydrazide 7d. Red powder (yield 84%), m.p.
>300 °C; 'H NMR S ppm: 3.22 (s, 3H, CHj3), 3.79 (s, 3H, OCH3s), 6.85 (d,
1H, Ar—H, J = 9.0 Hz), 6.95 (d, 1H, Ar—H, J = 8.0 Hz), 7.14 (s, 1H,
Ar—H), 7.28 (t, 1H, Ar—H, J = 8.0 Hz), 7.38 (t, 1H, Ar—H, J = 7.5 Hz),
7.69 (d, 1H, Ar—H, J = 8.5 Hz), 8.06 (d, 1H, Ar—H, J = 8.5 Hz), 11.02
(s, 1H, NH of 2-indolinone), 13.10 (s, 1H, NH of hydrazide spacer); IR
(KBr, v cm_l) 3320, 3341 (2NH) and 1721, 1700 (2C=0); MS m/z [%]:
405 [M™, 91.54], 102 [100]; Anal. Calcd. for CooH15N503S: C, 59.25; H,
3.73; N, 17.27; found C, 58.92; H, 3.78; N, 17.34; HPLC (tet) = 4.85 min
(96.4% at 254 nm).

4.1.3.5. N’-(5-Nitro-2-oxoindolin-3-ylidene)-3-methylbenzo[4,5Jimidazo
[2,1-b]thiazole-2-carbohydrazide 7e. Yellow powder (yield 72%), m.p.
>300 °C; 'H NMR & ppm: 3.23 (s, 3H, CH3), 7.07 (d, 1H, Ar—H, J = 8.5
Hz), 7.29-7.34 (m, 1H, Ar—H), 7.39 (t, 1H, Ar—H, J = 8.5 Hz), 7.71 (t,
1H, Ar—H, J = 7.5 Hz), 8.08 (t, 1H, Ar—H, J = 7.5 Hz), 8.28-8.32 (m,
2H, Ar—H), 11.85 (s, 1H, NH of 2-indolinone), 12.87 (s, 1H, NH of
hydrazide spacer); IR (KBr, v ecm™ D) 3324, 3301 (2NH) and 1718, 1710
(2C=0); Anal. Calcd. for C19H12NgO4S: C, 54.28; H, 2.88; N, 19.99;
found C, 54.03; H, 2.91; N, 20.11; HPLC (te) = 6.09 min (98.5% at 254
nm).

4.1.3.6. 3-Methyl-N’-(1-methyl-2-oxoindolin-3-ylidene)benzo[4,5 Jimi-
dazo[2,1-b]thiazole-2-carbohydrazide 10a. Yellow powder (yield 80%),
m.p. >300 °C; 'H NMR & ppm: 1.92 (s, 3H, N-CHs), 3.22 (s, 3H, CHs),
7.17 (d, 1H, Ar—H, J = 8.0 Hz), 7.23 (d, 1H, Ar—H, J = 8.0 Hz), 7.32 (t,
1H, Ar—H, J = 8.0 Hz), 7.42 (t, 1H, Ar—H, J = 8.0 Hz), 7.49 (t, 1H,
Ar—H, J = 8.0 Hz), 7.70-7.75 (m, 2H, Ar—H), 8.10 (d, 1H, Ar—H, J =
8.0 Hz), 13.01 (s, 1H, NH of hydrazide spacer); 3¢ NMR & ppm: 21.50
(CH3y), 28.11 (N-CH3), 110.33,112.77,115.57, 119.84, 125.35, 127.89,
131.09, 136.41, 138.37, 140.09, 142.64, 144.68, 146.94, 148.02,
153.60, 155.83, 159.86 (C=0 2-indolinone), 172.60 (C=0 hydrazide
spacer); IR (KBr, v crn’l) 3345 (NH) and 1720, 1695 (2C=0); MS m/z
[%]: 389 [M*, 100]; Anal. Calcd. for CooH;5N505S: C, 61.68; H, 3.88; N,
17.98; found C, 61.82; H, 3.85; N, 18.07; HPLC (tyet) = 5.72 min (97.8%
at 254 nm).

4.1.3.7. 3-Methyl-N’-(2-oxo-1-propylindolin-3-ylidene)benzo[4,5]imidazo
[2,1-b]thiazole-2-carbohydrazide 10b. Yellow powder (yield 68%), m.p.
267-269 °C; 'H NMR 6 ppm: 0.90 (t, 3H, —CH,—CHs, J = 7.5 Hz),
1.67-1.69 (m, 2H, —CH,—CH3), 3.21 (s, 3H, CH3), 3.71(t, 2H, N-CHy, J
= 7.0 Hz), 7.18-7.22 (m, 2H, Ar—H), 7.29 (t, 1H, Ar—H, J = 7.5 Hz),
7.39 (t, 1H, Ar—H, J = 7.5 Hz), 7.45 (t, 1H, Ar—H, J = 8.5 Hz),
7.69-7.71 (m, 2H, Ar—H), 8.07 (d, 1H, Ar—H, J = 8.0 Hz), 12.95 (s, 1H,
NH of hydrazide spacer); >C NMR § ppm: 10.93 (—CH2—CH3), 14.13
(—CH3), 20.18 (—CH2—CH3), 40.75 (N-CH2), 110.10, 112.74, 118.57,
118.79, 119.84, 120.96, 121.11, 122.07, 123.08, 124.18, 125.74,
129.92, 131.72, 131.24, 143.15, 148.33, 160.62 (C=O0 2-indolinone),
169.75 (C=0 hydrazide spacer); IR (KBr, v cm_l) 3304 (NH) and
1715, 1701 (2C=0); Anal. Calcd. for C55H19N505S: C, 63.29; H, 4.59; N,
16.78; found C, 62.96; H, 4.64; N, 16.75; HPLC (tyet) = 6.24 min (99.0%
at 254 nm).

4.1.3.8. N’-(1-Allyl-2-oxoindolin-3-ylidene)-3-methylbenzo[4,5]imidazo

[2,1-b]thiazole-2-carbohydrazide 10c. Orange powder (yield 71%), m.p.
283-285 °C; 'H NMR 6 ppm: 3.22 (s, 3H, CHs), 4.41 (br s, 2H, N—CHy,),
5.19-5.27 (m, 2H, =CHy), 5.86-5.91 (m, 1H, N—CH,—CH), 7.11 (d,
1H, Ar—H, J = 8.5 Hz), 7.19 (t, 1H, Ar—H, J = 7.5 Hz), 7.30 (t, 1H,
Ar—H, J = 7.5 Hz), 7.40-7.48 (m, 2H, Ar—H), 7.72 (d, 2H, Ar—H, J =
7.5 Hz), 8.10 (d, 1H, Ar—H, J = 8.0 Hz), 13.01 (s, 1H, NH of hydrazide
spacer); IR (KBr, v cm’l) 3312 (NH) and 1720, 1711 (2C=0); MS m/z
[%]: 415 [M", 36.30], 414 [100]; Anal. Calcd. for CaoH17N505S: C,
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63.60; H, 4.12; N, 16.86; found C, 63.77; H, 4.17; N, 16.79; HPLC (tyet)
= 3.83 min (96.7% at 254 nm).

4.1.3.9. N’-(1-Benzyl-2-oxoindolin-3-ylidene)-3-methylbenzo[4,5]imi-

dazo[2,1-b]thiazole-2-carbohydrazide 10d. Yellow powder (yield 77%),
m.p. >300 °C; 'H NMR & ppm: 3.23 (s, 3H, CHs), 5.00 (s, 2H, N—CHy),
7.03 (d, 1H, Ar—H, J = 8.0 Hz), 7.13-7.22 (m, 2H, Ar—H), 7.28 (d, 1H,
Ar—H, J = 8.0 Hz), 7.32-7.36 (m, 2H, Ar—H), 7.38-7.46 (m, 4H,
Ar—H), 7.72 (d, 2H, Ar—H, J = 8.0 Hz), 8.09-8.12 (m, 1H, Ar—H),
12.98 (s, 1H, NH of hydrazide spacer); 3¢ NMR 5 ppm: 21.47 (CHg),
46.45(N—CHy), 110.81, 113.47, 116.37, 117.57, 121.58, 123.85,
124.67, 128.74, 133.86, 135.12, 136.84, 137.22, 140.15, 142.20,
144.16, 145.52, 145.72, 151.78, 153.59, 158.48, 159.16, 161.87 (C—=0
2-indolinone), 172.74 (C=0 hydrazide spacer); IR (KBr, v em™ 1) 3324
(NH) and 1745, 1715, 1698 (3C=0); MS m/z [%]: 465 [M ', 27.45], 91
[100]; Anal. Calcd. for CogH19N505S: C, 67.08; H, 4.11; N, 15.04; found
C, 66.89; H, 4.14; N, 15.11; HPLC (tyt) = 4.17 min (98.5% at 254 nm).

4.1.3.10. N’-(1-(3-Fluorobenzyl)-2-oxoindolin-3-ylidene)-3-methylbenzo

[4,5]imidazo[2,1-b]thiazole-2-carbohydrazide 10e. Red powder (yield
82%), m.p. 289-290 °C; 1H NMR & ppm: 3.22 (s, 3H, CH3s), 5.01 (s, 2H,
N—CHy), 7.04 (d, 1H, Ar—H, J = 8.0 Hz), 7.09 (t, 1H, Ar—H, J = 8.0
Hz),7.19 (t, 1H, Ar—H, J=7.5Hz), 7.23 (t, 1H, Ar—H, J = 7.5 Hz), 7.31
(t, 1H, Ar—H, J = 8.0 Hz), 7.37-7.42 (m, 4H, Ar—H), 7.72 (t, 2H, Ar—H,
J = 8.5 Hz), 8.10 (d, 1H, Ar—H, J = 8.0 Hz), 12.92 (s, 1H, NH of hy-
drazide spacer); IR (KBr, v cm™1) 3309 (NH) and 1712, 1701 (2C=0);
Anal. Calcd. for CogH1gFN505S: C, 64.59; H, 3.75; N, 14.48; found C,
64.72; H, 3.76; N, 14.55; HPLC (tyer) = 5.06 min (98.2% at 254 nm).

4.1.3.11. N’-(1-(4-Fluorobenzyl)-2-oxoindolin-3-ylidene)-3-methylbenzo
[4,5]imidazo[2,1-b]thiazole-2-carbohydrazide 10f. Red powder (yield
73%), m.p. >300 °C; 'H NMR & ppm: 3.23 (s, 3H, CHs), 4.99 (s, 2H,
N—CH,), 7.06 (d, 1H, Ar—H, J = 7.5 Hz), 7.13-7.21 (m, 3H, Ar—H),
7.30 (t, 1H, Ar—H, J = 8.0 Hz), 7.39-7.47 (m, 4H, Ar—H), 7.71-7.74
(m, 2H, Ar—H), 8.09 (d, 1H, Ar—H, J = 8.0 Hz), 12.91 (s, 1H, NH of
hydrazide spacer); 13C NMR & ppm: 14.83 (CH3), 42.39 (N-CHj), 111.02,
113.48, 115.88, 116.09, 119.20, 119.57, 121.86, 122.55, 124.04,
124.93, 126.56, 128.76, 130.06, 130.14, 132.32, 135.31, 138.61,
143.24, 145.54, 148.84, 154.29, 156.73, 160.29 (C=O0 2-indolinone),
169.17 (C=O0 hydrazide spacer); IR (KBr, v cm ) 3356 (NH) and
1721, 1703 (2C=0); Anal. Calcd. for CogH1gFN505S: C, 64.59; H, 3.75;
N, 14.48; found C, 64.81; H, 3.72; N, 14.53; HPLC (t;t) = 5.18 min
(96.2% at 254 nm).

4.1.3.12. N’-(1-(4-Cyanobenzyl)-2-oxoindolin-3-ylidene)-3-methylbenzo

[4,5]imidazo[2,1-b]thiazole-2-carbohydrazide =~ 10g. Yellow  powder
(yield 86%), m.p. > 300 °C; 'H NMR & ppm: 3.24 (s, 3H, CH3), 5.05 (s,
2H, N—CH,), 7.04 (d, 1H, Ar—H, J = 7.5 Hz), 7.20 (t, 1H, Ar—H, J =
7.5 Hz), 7.31 (t, 1H, Ar—H, J = 8.0 Hz), 7.40-7.44 (m, 2H, Ar—H), 7.55
(t, 1H, Ar—H, J = 8.5 Hz), 7.69-7.76 (m, 4H, Ar—H), 7.90 (s, 1H,
Ar—H), 8.09 (t, 1H, Ar—H, J = 7.5 Hz), 12.90 (s, 1H, NH of hydrazide
spacer); >C NMR & ppm: 14.17 (CH3), 41.83 (N-CH2), 110.23, 111.58,
112.79, 118.35, 118.59, 119.18, 121.08, 121.16, 123.40, 124.22,
125.54, 126.21, 129.71, 129.95, 130.75, 131.29, 131.63, 132.12,
134.35, 137.12, 138.24, 143.34, 148.33, 160.81 (C=O 2-indolinone),
171.63 (C=0 hydrazide spacer); IR (KBr, v cm™!) 3358 (NH), 2210
(CN) and 1724, 1700 (2C=0); MS m/z [%]: 490 [M", 35.23], 102
[100]; Anal. Calcd. for Co7H1gNgO5S: C, 66.11; H, 3.70; N, 17.13; found
C, 66.24; H, 3.66; N, 17.06; HPLC (tret) = 5.94 min (98.0% at 254 nm).

4.1.3.13. 6-Bromo-3-methyl-N’-(2-oxo-1-propylindolin-3-ylidene)benzo

[4,5]imidazo[2,1-b]thiazole-2-carbohydrazide =~ 10h. Orange powder
(yield 81%), m.p. 285-286 °C; 'H NMR & ppm: 0.90 (t, 3H, —CHy—CHs,
J =7.5Hz), 1.66-1.68 (m, 2H, —CH,—CH3), 3.21 (s, 3H, CH3), 3.71 (t,
2H, N—CHa, J = 7.0 Hz), 7.20 (d, 1H, Ar—H, J = 8.0 Hz), 7.30 (t, 1H,
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Ar—H, J="7.5Hz),7.40 (t, 1H, Ar—H, J=7.5Hz), 7.63 (d, 1H, Ar—H, J
=8.5Hz), 7.70 (d, 1H, Ar—H, J = 8.5 Hz), 7.75 (s, 1H, Ar—H), 8.08 (d,
1H, Ar—H, J = 8.0 Hz), 12.92 (s, 1H, NH of hydrazide spacer); IR (KBr, v
cm’l) 3335 (NH) and 1731, 1708 (2C=0); Anal. Calcd. for
CaoH1gBrNsO,S: C, 53.23; H, 3.66; N, 14.11; found C, 53.09; H, 3.70; N,
14.15; HPLC (tyey) = 4.87 min (97.1% at 254 nm).

4.1.3.14. N’-(1-Benzyl-2-oxoindolin-3-ylidene)-6-bromo-3-methylbenzo
[4,5]imidazo[2,1-b]thiazole-2-carbohydrazide =~ 10i. Orange powder
(yield 83%), m.p. >300 °C; H NMR 6 ppm: 3.21 (s, 3H, CHs), 4.99 (s,
2H, N—CH>), 6.99 (d, 1H, Ar—H, J = 8.0 Hz), 7.28-7.34 (m, 4H, Ar—H),
7.35-7.39 (m, 3H, Ar—H), 7.57 (d, 1H, Ar—H, J = 9.0 Hz), 7.69 (d, 1H,
Ar—H, J = 8.0 Hz), 7.77 (s, 1H, Ar—H), 8.08 (d, 1H, Ar—H, J = 8.0 Hz),
11.99 (s, 1H, NH of hydrazide spacer); IR (KBr, v em™1) 3330 (NH) and
1730, 1701 (2C=0); Anal. Calcd. for Co¢H;8BrNs0,S: C, 57.36; H, 3.33;
N, 12.86; found; C, 57.52; H, 3.29; N, 12.77; HPLC (t;et) = 6.25 min
(95.8% at 254 nm).

4.2. Biological evaluation

All experimental procedures utilized in the herein conducted bio-
logical assays were carried out as reported earlier; cytotoxicity [71], cell
cycle [72], Annexin V-FITC Apoptosis [73,74] and CDK2 kinase [75]
assays, and were provided in the Supplementary Materials.

4.3. In silico study

4.3.1. In silico ADME calculation

Swiss ADME server available online (http://www.swissadme.ch/i
ndex.php) was implemented to calculate the physicochemical proper-
ties for the three lead hybrids 7a, 7d and 10a. The server relies on an
accurate and efficient iLOG algorithm to calculate the physicochemical
properties of small molecules [76]. The server gives plenty of data about
the pharmacokinetic profiles of small molecules including detailed
description of their absorption and metabolism. Another valuable data
provided from the server is the drug-like nature [77].

4.3.2. Docking studies

The docking study was conducted by the freely available Vina Autodock
software. Vina Autodock is more accurate and twice speed higher than
Autodock 4 software [78]. Further speed-up is achieved from parallelism,
using multithreading on multi-core machines. The crystal structure of
CDK2 was obtained from the protein data bank PDB ID (4FX3). Before
commencing the docking, CDK2 enzyme was energy minimized and
equilibrated for 5 ns see Molecular dynamics section. Vina Autodock re-
quires the receptor and the ligands in pdbqt format plus the coordinates and
the size of a grid box surrounding the binding site. For that, M.G.L tools
were used to prepare the needed files in the right format besides, generating
a grid box surrounding the binding site of the co-crystalized ligand with
CDK2 enzyme [79]. Then, the docking study was conducted at two steps.
Firstly, the co-crystalized ligand was re-docked to its corresponding
enzyme once in water presence and another time in water absence to ensure
validity of the docking protocol. Finally, the three synthesized lead hybrids
were docked into CDK2 enzyme. The docking results were visualized by
Biovia discovery studio 2020 free visualizer (https://3dsbiovia.
com/resource-center/downloads/) that was used to generate 2D and 3D
interactions for the docked compounds.

4.3.3. Molecular dynamics

To support the docking results, we performed three molecular dy-
namic simulations experiments. The three experiments were for CDK2
enzyme in complex with the three lead compounds. The latest version of
GROningen MAchine for Chemical Simulations (GROMACS 2020.3) was
implemented to conduct the three MD simulation experiments [80]. The
receptor topology was obtained by the ‘pdb2gmx’ script, and CHARMM
General Force Field (CGENFF) server was used to generate the receptor
and ligand topologies, respectively [81]. The ligand topologies were
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then converted to the gromacs format using the ‘cgenff charmm2gmx -
py3.nx2.py’ script. Each of the three generated ligand topologies was
rejoined to the processed receptor structure to construct the ligand—
protein complex. Then, all the systems were solvated with a single point
charge (SPC) water model to add water molecules to the cubic simula-
tion boxes. ‘gmx genion’ script was used to neutralize the system net
charges by adding counter-ions. Energy minimization of the receptor
and the processed complexes was performed under GROMOS96 43al
force field [82] by employing a steepest descent minimization algorithm
with a maximum of 50,000 steps and >10.0 kJ/mol force. Then, the
solvated energy minimized structures were equilibrated for two
consecutive steps. Firstly, NVT ensemble with constant number of par-
ticles, volume and temperature was done for 1 ns followed by NPT
ensemble with constant number of particles, pressure and temperature
for 4 ns. In the two steps of equilibration, only the solvent molecules
were allowed for free movement to ensure its equilibration in the system
while other atoms were restrained. The long range electrostatic in-
teractions were obtained by the particle mesh Ewald method witha 12 A
cut-off and 12 A Fourier spacing [83]. Finally, the four equilibrated
systems (one empty enzyme and three protein-ligand complexes) were
then entered the production stage without any restrains for 100 ns with a
time step of 2 fs, and after every 5 ps the structural coordinates were
saved. The root mean square deviation (RMSD) was calculated from the
generated trajectories of the MD simulations as well as the distances of
the formed hydrogen bonds between the receptor and the ligands by
various built-in scripts of GROMACS.

4.3.4. MM-PBSA calculation

A very important data retrieved from MD simulations and thermo-
dynamic calculations is the determination of the binding free energy of a
protein-ligand complex. According to the following equation: AG (gjng-
ing) = G (Complex)'G (Receptor)™ G (Ligand)

The binding free energy of protein and ligand complexes can be
calculated using the molecular Mechanic/ Poisson-Boltzmann Surface
Area (MM-PBSA) alongside MD simulations Where, G (complex) is the
total free energy of the protein-ligand complex and G (receptor) and G
(ligand) are total free energies of the isolated protein and ligand in
solvent, respectively. The total free energy of any of the three mentioned
systems (complex or receptor or ligand) are the sum of its molecular
mechanics potential energy plus the solvation energy. The ‘g_mmpbsa’
package of GROMACS was used perform MM-PBSA calculations through
all the MD trajectories [67].
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