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ARTICLE INFO ABSTRACT

Keywords: In this work, novel benzothiazole-piperazine acetamide (2a-21) analogs were synthesized and evaluated their

B?nzm}fiamle anticancer activity. The 'HNMR , 13CNMR and LC-MS/MS spectral data and elemental analyses were used to

ilperaz{r(;e clarify the structure of the final molecules. The title compounds were procured by reacting 2-chloro-N-(6-
cetamide

substituted benzothiazole-2-yl) acetamide with some piperazine derivatives. Cytotoxicity and apoptosis pa-
rameters including Annexin V binding capacities, effect on cell cycle, caspase-3 activation and mitochondrial
membrane depolarization effect were evaluated to determine anticancer profile of the final molecules on A549
(human lung adenocarcinoma), C6 (glioma cell line) and NIH/3T3 (mouse embryoblast cell line). Mostly, the
final molecules showed significant cytotoxic profile with prominent selectivity. 2¢ (ICso: 7.23+1.17, SI: 6.93), 2d
(ICs0: 17.50+4.95; SI: 11.59), and 2 h (ICso: 10.83+0.76; SI: 29.23) showed significant and selective cytotoxic
activity. Compounds 2b, 2c and 2e provoked apoptosis of A549 cells with potential higher than cisplatin as
determined by flow cytometry. The cell cycle analysis of 2b, 2e, 2 g, and 2 h suggested that the A549 cells were
affected during GO/G1 phase. Caspase-3 activation was observed on cells by compounds 2a, 2e, 2i and 21 at
most. The highest mitochondrial membrane depolarization ratios were seen treated by compounds 2e, 2 h, and
2j. None of the analogs displayed any obvious inhibition activity on MMP-9. The physicochemical properties
were predicted for all compounds and also molecular docking and dynamics simulation studies were realized for
compound 2e, namely N-(6-methoxybenzothiazol-2-yl)-2-(4-(p-tolyl) piperazin-1-yl) acetamide. The results
indicated that merging benzothiazole and piperazine derivatives via acetamide bridge is promising in cancer
research because these moieties can interact with the loop and B-sheet regions of MMP-9. So, 2e was considered
as a potential therapeutic agent against lung carcinoma.

Anticancer activity
Molecular dynamics simulation

1. Introduction against radical treatment of cancer. So, addition to late diagnosis, the

drug resistance has become an important issue [5,6]. Although there are

Cancer is described as a group of diseases that are mainly caused by
uncontrolled cell division [1]. Lung cancer which is one of the various
cancer diseases is the leading cause of cancer death around the world
since late diagnosis is the main reason. In more than 40% of cancer
cases, patients have already metastasized disease at the time of diag-
nosis. The treatment using conventional chemotherapeutic agents is
rarely successful in long-term survival in this kind of late-stage tumoral
disease [2-4]. In fact, the effectiveness of these chemotherapeutic agents
is limited by drug resistance. And this challenge is a major restriction
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some important pharmacological ideas to cancer treatment, the prog-
nosis is poor since the absence of radical treatment and early diagnosis.
Therefore, the researchers try to understand the behaviors of resistance
mutations of tumor cells and focus on the synthesis of new compound to
apply on pathways such as apoptosis [7-14]. Caspases are activated to
trigger apoptosis, which causes several biological processes, like cell
cycle regulation and signaling pathways. On the other hand, in addition
to that, these activations are also related to the morphological mani-
festations of apoptosis, such as DNA condensation and fragmentation,
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and membrane blebbing [15,16]. Matrix metalloproteinase-9 (MMP-9)
is another enzyme which is one of the markers of disease that is over-
expressed in cancerous cells. MMP-9 inhibition is considered note-
worthy approach for blocking tumor promotion and metastasis [17].

Benzothiazole and its derivatives are versatile ring systems in terms
of their biological activity. The scaffold occurs in many classes of bio-
logically active compounds such as antimicrobial [18,19], antiviral
[20], antimalarial [21], anti-Alzheimer’s disease [22],
anti-neuropsychiatric [23], neuroleptic [24], antinociceptive [25]
agents. Therewithal, benzothiazole moiety is founded in many anti-
cancer compounds [26,27]. Specifically, they showed their selective
inhibitory activity against cancer cells [28-33].

Literature review inspired that piperazine derivatives have several
biological activity such as antimicrobial [34,35], antiviral [36], anal-
gesic [37] and antidepressant [38]. Because of their selective inhibitory
activity against cancer cells [39-41] and their key role in many anti-
cancer compounds [42], they have gained an important status in me-
dicinal chemistry, especially, from the point of view of anti-lung cancer
activity [43-45]. Imatinib and Dasatinib, which contain a piperazine
moiety, are two good examples of anticancer drugs.

In our previous work, we reported that N-(substituted phenyl)
piperazine moieties [46,47] and N-(6-methyl/methoxy/ethoxy benzo-
thiazole) acetamide derivatives [48] displayed potent cytotoxic activ-
ities. That’s why, our designing process was formed around the
hybridization of the structures of previous works. On the other hand,
there are many studies reported about the constitution of novel anti-
cancer ligands that have specific features, and also these were investi-
gated via in silico methods, then they were reported [49-54]. So, an
acetamide bridge was used to link benzothiazole and piperazine rings as
shown Scheme 1. Additionally, some studies have reported the impor-
tance of benzothiazole-piperazine hybrids [55,56]. These reports indi-
cated that these two ring systems act synergistically, positively affecting
the anticancer effect profile. In our design, we expect similar synergism.

According to the above information, twelve novel benzothiazole-
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bearing piperazine analogs were designed, and synthesized, and then
their purification and characterization were reported. According to the
design proposal, the anticancer activity profile was tested via in vitro
studies, then considering in vitro studies, active molecules were also
investigated via in silico studies, finally, all results were used to explain
the substituent effects on anticancer profile.

2. Results and discussion
2.1. Chemistry

In this study, twelve new compounds containing benzothiazole and
piperazine rings linked by an acetamide bridge as a core structure were
synthesized. The final molecules were obtained by two steps. Firstly, 6-
substituted benzothiazole derivatives were acetylated with chloroacetyl
chloride. At last step, the media product 2-chloro-N-(6- substituted
benzothiazole) acetamide analogs (1) and 4-substituted piperazines
were reacted and produced N-(6-substituted benzothiazole-2-yl)—2-(4-
substituted piperazin-1-yl)acetamides (2a-21) as displayed in Scheme 2.
The structural analyzed of the final compounds were done by analytical
and spectral data (Figs. S1-S28). Some characteristic properties of the
synthesized compounds (2a-21) were shown in Table 1.

The 'HNMR spectra of compounds showed signals at & 3.38-3.94
ppm (CHy) for acetyl protons which were singlet peaks. Piperazine
protons were observed at § 2.67-3.17 ppm (CHy) as broad singlet peaks.
The signals seen at § 10.94-12.60 ppm indicated the acetamide N—H
proton. The peaks observed as a pair of singlets, doublets, triplets and/or
multiplets at § 6.79-9.60 ppm were the aromatic protons of the aromatic
rings. The '>CNMR spectra of compounds showed signals at &
60.45-60.68 ppm for methylene carbon (CHy), at  48.42-53.01 ppm for
piperazine’s methylene carbon (CHy), at § 105.18-163.62 ppm for ar-
omatic carbon and at § 169.45-170.62 for carbonyl (C=0) carbon. M +
1 peaks in LC-MS/MS spectra were in agreement with the calculated
molecular weight of the target compounds (2a-21). Elemental analysis

/R2
N
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Scheme 1. Designed strategy of benzothiazole-piperazine compounds.
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Scheme 2. General procedure for the synthesis of the compounds. Reactions & Conditions: a) THF, TEA, 0 °C, after dropping, rt 4 h; b) THF, TEA, 2 h, rt.

Table 1
Synthesized compounds (2a-21).

Compound Ry R: Compound R R:

2a F ——@—Me 2¢ Me ——@—Me
2b F - @—m 2h Me ——@—m
2¢ - ——@—Me 2i -OEt --@Me
2d - - @—m 2j -OFt --@CI
2e -OMe ——@—Me 2k -NO; ——@—Me
2f _OMe ——@—m 21 NO» --@CI
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results for C, H, and N elements were acceptable with calculated values
of the compounds. HPLC indicated that the purity of the most active
compounds (2b, 2e, 2 g and 2 h) were 94.836%, 96.165%, 96.640% and
90.311%, respectively.

2.2. Anticancer activity

2.2.1. Cytotoxicity

To find new cytotoxic agents against cancer cells, the most preferable
methods are the screening test compounds against a panel of different
cancer and healthy cell lines. The cytotoxicity assays and determination
of ICsg doses of standard drug, cisplatin, and final compounds against
A549, C6 and NIH/3T3 cell lines were performed by MTT assay, in this
study. The formazan formation was quantified spectrophotometrically
at 540 nm using a microplate reader.

The results indicated that cisplatin ICsy value was indicated 35.55
+5.09 uM against A549 cells, and the most active compounds were
stated 2b, 2 g and 2 h (ICsp: <9.65 uM, <10.28 uM and <9.77 uM,
respectively). In addition, ICsg values of compounds 2a, 2c, 2e, 2f, 2i, 2j
and 21 were lower than ICsg values of cisplatin against A549 cells, so it
means that the synthesized compounds were more active than cisplatin
at the same concentrations, excluding compounds 2d and 2k. Anticancer
activity of the compounds 2d and 2k was found so low in comparison to
cisplatin. Moreover, according to ICsy values that was determined
against NIH/3T3 cells, all compounds showed a non-cytotoxic profile at
the ICsp values that were applied to A549 cells, except compound 21
Additionally, the selectivity index (SI) of the synthesized compounds
was calculated. The calculation displayed that compound 2e, 2 g and 2 h
were highly selective on A549 cells (SI= >33.96, >23.03, and >32.40,
respectively). On the other hand, except 2d and 21 (SI=1.18 and 1.23),
compounds showed affinity on lung cancer cells rather than healthy
cells. Meanwhile, except compound 2a (ICso: >500 pM), all compounds
showed cytotoxicity on C6 glioma cells. Compounds 2¢ (ICsg: 7.23+1.17
uM), 2d (ICsq: 17.50+4.95 uM), 2 h (ICs¢: 10.83+£0.76 uM), and 2j (ICso:
11.83+0.29 puM) have comparable cytotoxic activity to cisplatin, and
their SI values were calculated as 6.93, 11.59, 29.23, and 2.36, respec-
tively. Also, compounds 2e (>16.86 times) and 2k (>34.69 times) have
very high selective anti-glioma activity than cytotoxicity on healthy
cells. All findings are shown in Table 2.

After determination of the most effective compounds against both
cancer cells with low cytotoxicity against NIH/3T3 cells, the apoptotic
effects of final products and reference drug were tested according to
Annexin V- PI binding capacities in flow cytometry method. The results

Table 2
ICs( values of the tested compounds against A549, C6 and NIH/3T3 cell lines
(uM).

Comp.  NIH/3T3 A549 (ICs0) S.I C6 (ICsp) S.IL
(ICs0)
2a 77.23+9.14 22.74+3.70 3.40 >500 <0.16
2b 29.28+17.77 <9.65 >3.03 21.83+5.80 1.34
2¢ 50.07+7.88 16.66+0.47 3.01 7.23+1.17 6.93
2d 202.88+26.96  172.67 1.18 17.50+4.95 11.59
+26.96
2e >1000 29.45+3.86 >33.96  59.33+11.02 >16.86
2f 29.64+1.39 10.65+0.77 2.78 112.33 0.26
+28.57
2g 236.74+26.30  <10.28 >23.03  33.50+12.02 7.07
2h 316.58+62.90  <9.77 >32.40  10.83+0.76 29.23
2i 97.52+12.19 19.59+1.23 4.98 36.33+7.51 2.68
2j 27.90+4.65 10.08+0.36 2.77 11.83+0.29 2.36
2k >1000 149.9943.72 >6.67 25.83+6.21 >34.69
21 15.47+3.55 12.60+1.19 1.23 43.75+1.77 0.35
R.D. N.T. 35.55+5.09 N.C. 19.50+0.71 N.C.

R.D.: Reference Drug (cisplatin). The ICs values were reported as the average of
three independent determinations and its unit is uM. N.T.: not tested; N.C.: Not
calculated. S.I.: Selectivity index calculated by following formula (S.1.: ICso on
normal cells/ICsq on cancer cells).

Journal of Molecular Structure 1320 (2025) 139732

show that the apoptotic death percentage of cancer cells was higher than
the necrotic death percentage for all final compounds, except com-
pounds 2 g. Following flow cytometric analyses, the early and late
apoptotic effects of compounds 2a, 2b, 2c, 2e, 2f, 2 g, 2 h, 2j, 2k and 21
(for ICsg doses) on A549 cell line were determined as 12.4%, 17.1%,
18%, 20.9%, 12.4%, 6.5%, 7.2% and 15.8%, while their viabilities were
determined as 84.6%, 70.4%, 79.4%, 73.7%, 80.6%, 90.9%, 88.4% and
78.3%, respectively. According to these findings, compounds 2b, 2¢ and
2e showed higher apoptotic effects on A549 cells compared to cisplatin
(16.0%) In fact, compounds 2b, 2f, 2j, and 2k have killed the cancer
cells via apoptotic pathway, but they also got a higher rate of necrotic
pathway. Compounds 2a, 2¢, 2e, 2 h and 21 were in comparison with
compounds 2b, 2f, 2j, and 2k, have significantly killed A549 cancer
cells via the apoptosis. Especially, compounds 2c, 2e, and 21 have
significantly higher apoptotic percentages than their necrotic percent-
ages. These results are shown in Fig. 1 and Table 3 as percentages.

2.2.2. Activation of caspase-3 enzyme

Caspase-3, which is found in the middle of extrinsic and intrinsic
pathway is a key enzyme in the initiation of cellular events during early
apoptotic process. The results of caspase-3 enzyme activity positive (+)
cells showed that compounds 2e (40.5%), 2i (34.4%) and 21 (32.1%)
have notable stimulation the enzyme activity as can be seen on Fig. 2
and Table 4. Also, caspase-3 activity positive (+) cells percent for
cisplatin was determined as 57.9. Previous reports about caspase-3 in-
hibition activity [59,60] indicated that 6-methoxybenzothiazole cores
have great potential. The results revealed that 2e (methoxy) and 2i
(ethoxy), the most active compounds, showed similar potential in the
activation of the caspase-3 enzyme allosterically.

2.2.3. Mitochondrial membrane depolarization

Identifying the changes in the mitochondrial membrane potential
(MMP) is one of the hallmarks of apoptosis. In order to investigate the
changes on MMP of the effects of compounds 2a, 2b, 2c, 2e, 2f, 2 g, 2 h,
2j, 2k and 21 on A549 cells, these cells were incubated by the ICsg
concentrations of above compounds for 24 h. The depolarization of the
membrane potential of the compounds 2e (19.7%), 2 h (41.2%), and 2j
(28.3%) was remarkable, especially, since their values were higher than
cisplatin (14.2%) as shown in Fig. 3 and Table 5. Therefore, these
compounds caused higher disturbance on mitochondrial membrane
potential in A549 cells and that were marked as effective and may be
considered for the next drug design studies.

2.2.4. Cell cycle analysis

In this study, 24-hour life cycles of A549 cells treated with three
analogs (2b, 2e, 2 g, and 2 h) that have the lowest ICsy value were
chosen to investigate piperazine-benzothiazole hybrid effects on cell
cycle were analyzed by flow cytometry. The results are displayed in
Table 6 and Fig. 4. Compounds 2b, 2e, 2 g, and 2 h have impact
selectively on Go/G; phase rather than S and G2/M phases which is a
preferred and desirable feature for antitumoral agents. The results also
indicated that the major effect was made by 6-florobenzothiazole and 4-
chlorophenyl piperazine hybrid, however, both 6-methylbenzothiazol
analogs (4-methylphenyl and 4-chlorophenyl piperazines) are also
found effective. In fact, in previous studies [57,58], small substitution on
benzothiazole were suggested to reach desirable effects on cell cycles,
so, since our results also displayed similar results, we support these
suggestions.

2.2.5. MMP-9 inhibition

The inhibition percentages of standard agent, NNGH (positive con-
trol), and the compounds 2e and 2f were determined as 91.59+0.68,
46.36+2.12, and 48.56+1.80, respectively. On the other hand, the in-
hibition activity of other compounds was not higher than 40% (Table 7).
In fact, these results have been frustrating because we previously
reached 6-methyl and 6-florobenzothiazole analogs [58] that showed



A.E. EVREN et al.

Journal of Molecular Structure 1320 (2025) 139732

ASAG-KONTROL 2 AR49-KLIP 2 A549-KUP 3
o] | L |
o~ 3 o~ § o —3
(- © 3 o3
(=1} - i) - [:0) -
0o ENC' = T
[T R T 73
FTTTI, T |||||||| T ]]|||||| T a a 5 :l;'llllll 1 |||||||| T |||l|||| T |||||||| T
102 10 10t 10 10 10 10 10? 10 10t 10
ANNEXIN Y FITC-A ANNEXIN ¥ FITC-A ANNEXIN ¥ FITC-A
Control 2a 2b
AR44-KLP & A549-KUP 8 A549-KUP 9
L, ] =r:‘rcl—— LH il
i =23 4 o3 i =3
&3 o3 &3
R o 4 R
IJ_M‘CI | D‘MCI | I:L""CI |
T 73 T "3 o T3
i|||| T |||||||| T |||||I|I T _||-||||J| "l TTTI] TTTT
107 1t 1% 10? 109 10t 103 10° 10t 10°
AMMERIM Y FITC-A AMNMEXIMN W FITC-A ARMMERIN W FITC-A
2¢ 2e 2f
AS48-KUP 11 AS49-KIUP 12 AS458-KIUP 15
<] <, ] ]
R Q2 573 &3
R a R - A
o | o il Ema |
T 73 o 73 e o 73
] Q4 . Q4 .
T TTTI] T ||||l|l| T |||||||| T 4 TTTIT] T |||||||| T |||||||| T * I“iI“"IQI ||||"||‘| II“"IISI
10? 10* 10® 10° 1wt 10® 10 10 10
AMMERIN W FITC-A AMMEXIN Y FITC-A AMNMERIN W FITC-A
AR48-KUP 17 AS48-KUP 18 AS45-CISP 2
ﬂ:"‘c: e ] e
d =3 4 23 g 2
=3 (S (&)
- o @
[ | R, | [N
ek T 73 iy T Q4
- Q4 Q4 .
T TT T T T T T T TTTI T ||||]||I T |||||||| T
10? 10? u;“ 135 10? 10 10* 10 10? 10? 10* 10
AMMEXIN Y FITC-A AMMEXIN W FITC-A ANMERIN W FITC-A
2k 21 Cisplatin

Fig. 1. Flow cytometric analysis of A549 cells treated with ICso values of compounds 2a, 2b, 2c, 2e, 2f, 2 g, 2 h, 2j, 2k, 21 and cisplatin. At least 10.000 cells were

analyzed per sample, and quadrant analysis was performed.
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Table 3
Apoptotic rates of synthesized compounds on A549 cell lines.
Q1 Q2 Q3 Q4 Q2+Q4

2a 3.0 8.7 84.6 3.7 12.4
2b 12.5 15.6 70.4 1.5 17.1
2¢ 2.6 14.1 79.4 3.9 18.0
2e 5.4 17.5 73.7 3.4 20.9
2f 6.9 8.9 80.6 3.5 12.4
2g 5.4 1.6 93.0 0.1 2.7
2h 2.6 5.1 90.9 1.4 6.5
2j 4.3 5.9 88.4 1.3 7.2
2k 4.5 5.4 88.8 1.3 6.7
21 5.9 14 78.3 1.8 15.8
Control 1.4 1.5 96.7 0.5 2.0
R.D. 42.7 15.0 41.3 1.0 16.0

Q1: Necrotic cells, Q2: Late apoptotic cells, Q3: Viable cells, Q4: Early apoptotic
cells, Q24-Q4: Early and late apoptotic cells. R.D.: Reference drug (Cisplatin).

great affinity to the MMP-9 enzyme. To get more information, we
benefited from in silico studies for the relation between these compounds
and the MMP-9 enzyme.

2.3. Prediction of ADME parameters and druglikeness rules

One of the important drug availability parameters is the pharmaco-
kinetic features of the drug-candidate compounds. In particular, some
preliminary tests such as the determination of absorption, distribution,
metabolism, excretion (ADME) features are very important due to the
occurrence of novel molecules resulting from the original compound
synthesis studies that accelerated at the end of the 1990s. So, after
identification these features of the new compounds, relationship be-
tween molecular structure and their properties can be worked up a
connection [61-65].

Molecular weights were calculated between 366.15-431.08. Log P
values which indicate partition factor were found between 4.04-76.
Drug-likeness model scores (DLMS) were found between 0.12 and 1.22.
The number of hydrogen bond donor (HBD) was stated as 1 for all
compounds. Also, the number of hydrogen bond acceptor (HBA) was
determined as 8 for 2k and 21, as 5 for compounds 2a-2d, 2 g and 2 h and
as 6 for rest of them. Molecular volume was calculated between
329.66-375.03 A3. Topological polar surface area (TPSA) was deter-
mined between 48.47 and 94.29. When all the findings were examined,
it was determined that there was no violation according to Lipinski’s
rule of five. Therefore, according to ADME prediction, all compounds
can be used oral. Even if there is no exact finding in practice, these scores
are in harmony highly with the activity potential of the compounds.
Additionally, all final molecules were appropriative according to drug-
likeness rules. As a last, final compounds can pass blood-brain barrier
except 2e, 2f, 2i, 2j, 2k, and 21, thus, compounds 2a-2d, 2 g and 2 h can
be used in the treatment of brain cancer. All findings were shown in
Table 8.

2.4. In silico studies

The experimental results were consulted to investigate the binding
modes via the molecular docking procedure. Due to the experimental
results, compounds 2b and 2e among selective compounds have similar
apoptotic effects to the standard drug, cisplatin, while only compound
2e showed a similar caspase-3 effect to the standard agent. Also, com-
pound 2e has more potential than its analogs for MMP-9 inhibition ac-
tivity. Therefore, our research group focused on compound 2e to
recognize the binding modes of proteins-piperazine derivatives, mean-
while, we wanted to clarify the structure-activity relationship and per-
formed the molecular docking study. The best docking poses of
compound 2e were showed in Figs. 5-10.

Journal of Molecular Structure 1320 (2025) 139732

2.4.1. Molecular docking studies on caspase-3 enzyme

Compound 2e built up H-bonds with Arg64, Ser205, and Arg207,
also interacted with Hip121 (salt bridge) and Tyr204 (z- = stacking) at
allosteric form of caspase-3 active site (PDBID: 4EHA). On the other
hand, it connected with Arg64, Hiel21 and Arg207 via H-bonds at
caspase-3 active site (PDBID: 4QTX). For the both type of caspase-3,
compound 2e had interaction with the important catalytic residue
His121.

2.4.2. Molecular docking studies on MMP-9 enzyme

Matrix metalloproteinase (MMP) is a class of Zinc ions-dependent
proteolytic enzyme that plays an important role in cancer research.
Since the interactions between histidine (226, 230, and 236) and the
divalent metal ion (Zn) are important, interactions with these residues
should be observed if the ligand is showing inhibition. According to
results, compound 2e connected with His230 (z- z stacking) and Zn301
(salt bridge). Additionally, it showed interactions with Leul88 (H-
bond), Glu227 (salt bridge), and Tyr248 (z- z stacking).

2.4.3. Molecular dynamics simulation study on MMP-9 binding pocket

The system stability was evaluated according to Fig. $29. As stated in
literature [62,66-68], the stability plots indicated that the system pro-
tected its stability during the entire simulation time. Because of that, the
interaction plots (Fig. 11) and video were examined from the simula-
tion’s beginning to end. The interactions were observed as H-bonds
(sequence number: 188, 189), water-mediated H-bonds (seq. 186, 187,
188, 189, 190, and 227), aromatic H-bonds (seq. 192, 222, 236, 242,
243, 245, 246, 247, 249), ionic (seq. 227), and hydrophobic contacts
(seq. 187, 190, 223, 226, 247, and 248). The interactions with Gly186,
Leul87, Alal89, His226, and Tyr248 were observed frequently, there-
fore, we suggested that these interactions supported the system stability.
Most importantly, the interactions with Leul88 and Alal90 residues
have a major impact on inhibitory activity because of their continuous.
Therefore, among all contacts with the loop (seq. 172-188 and seq.
192-201) and RB-sheet (seq. 189-191) residues, the interactions with
Leu188 and Ala190 residues play a key role in binding to active region.
On the other hand, the N-(4-methylphenyl)piperazine moiety fit well the
pocket of the binding site, and its phenyl ring frequently interacted with
His 226, one of the metal binding residues while its protonated nitrogen
(N1) of piperazine occasionally interacted with Glu227, making a salt
bridge with the metal ion. However, after 2.15 ns from the beginning, 2e
did not directly contact the Zn ion, it is probably caused by the water
molecules (environmental effects), because they mediated interactions
with B-sheet amino acids (seq. 189-191). All these data clarified the
possible binding mode of benzothiazole-piperazine hybrids to stabilize
the MMP-9 enzyme. In a result, the MDS analysis supported and clarified
the docking study at three points:

1) The acetamide bridge is important in inhibitory activity as it binds to
B-sheet and stabilizes the system. It increased the stability of MMP-9
inactive form as expected.

2) The benzothiazole moiety faced the metal binding region and made a
hydrophobic balloon that blocked the catalytic pocket against water
molecules. Even though blocking, the absence of metal coordination
interactions results in a moderate inhibition effect.

3) The piperazine moiety fit well into the active pocket and was binding
to Zn-binding histidine amino acids (in this case His226). These in-
teractions were fundamental as they stabilized the active pocket’s
loop region.

2.5. Substituents effects on anticancer activity

Both findings obtained by in vitro and in silico were indicated that 6-
methoxybenzothiazol moiety (2e, 2f) was found more favorable starting
structure than the others. Although 6-ethoxybenzothiazoles (2i, 2j)
showed good activity against A549 cells at low doses, it paled in
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Fig. 2. Caspase-3 activity results after 24 h incubation of A549 cells with compounds 2a, 2b, 2c, 2e, 2f, 2 g, 2 h, 2j, 2k, 21 and cisplatin.
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Table 4
Percent of quadrant analysis of active Caspase-3 phycoerythrin staining by flow
cytometry of A549 cells treated with ICsq of the compounds.

Comp. (+)% ()% Comp. ()% ()%
2a 27.1 74.6 2g 14.4 86.2
2b 17.8 83.4 2h 5.9 94.4
2c 17.5 83.0 2i 34.4 66.6
2e 40.5 61.4 2j 12.0 88.4
2f 17.0 83.7 21 32.1 70.6
Control 3.1 97.2 R.D. 57.9 44.1

R.D: Reference Drug (cisplatin), (+)%Caspase-3 activity positive (+) cells (%)
and (-)%: Caspase-3 activity negative (-) cells.

comparison to its methoxy analog as it did not kill the cancer cells
apoptotic way and the MMP inhibition power was weak. Likewise,
although 6-methylbenzothiazoles (2 g, 2 h) showed high activity against
A549 cells at low doses and had high selectivity on cancer cells, they
were also not favorable since the death of cells did not occur via the
apoptotic way.

On the other hand, 6-flourobenzothiazoles (2a, 2b) showed anti-
cancer activity against A549 and had a good caspase-3 activity profile.
However, their MMP inhibition was not sufficient. Therefore, the anti-
cancer activity of these two compounds was not through the MMP-9
pathway, but through another cancer pathway was reported in this
study. For this reason, our research will continue to determine the
pathway on these two molecules for further studies.

Non-substituted benzothiazoles (2¢, 2d) were found active yet 2d
had a bad SI profile. Even though compound 2c¢ acted through the
apoptotic way, unfortunately, its inhibition activity on MMP-9 was
lower than 40%, thus, 2c went by the wayside.

Although compound 2k (6-nitrobenzothiazole derivative) did not
display cytotoxicity on healthy cells, its ICso value on A549 cells was
calculated higher than others. That’s why the compound 2k was not
marked as a desirable candidate for the anticancer activity. However,
compound 21 (6-nitrobenzothiazole) had a low ICs, value but its selec-
tivity index was almost 1 which means not acceptable for the candida-
ture to the potential drugs.

From another perspective, generally, the 4-methylphenyl pipera-
zines were found slightly more active than the 4-chlorophenyl pipera-
zines. But there were no differences for ICsq values to determine which
one was better than the other. On the other hand, there were significant
differences in the caspase-3 enzyme activity and mitochondrial mem-
brane polarization. Results indicated that 4-methylphenyl piperazine
derivatives positively stimulate the caspase-3 enzyme activity more than
the 4-chlorophenyl piperazine derivatives, in contrary to that, 4-chloro-
phenyl piperazine analogs depolarized the mitochondrial membrane
potential more than them. Eventually, apoptotic cell death is controlled
by two mechanisms: the extrinsic death receptor pathway and the
intrinsic mitochondrial pathway. However, both pathways converge at
caspase-3 [69]. In conclusion, 4-methylphenyl piperazines were found
more acceptable since the result of caspase-3 is the common pathway.
But also, no matter which pathway proceeds to obtain apoptotic death, it
will be clarified and expand the SAR studies of the 4-chlorophenyl
piperazine derivatives on apoptosis in future studies.

The results suggested that if the benzothiazole has a small, electron-
donating substitution (methoxy, methyl) and links with 4-methylphenyl
piperazine, the anticancer activity profile was more ambitious. Also,
using the acetamide bridge to link the ring systems was proved itself
once more as important for the activity [49,70,71].

3. Conclusion

We designed and synthesized new benzothiazole-piperazine de-
rivatives and tested their cytotoxicity profiles against A549 lung carci-
noma, C6 glioma and NIH/3T3 cell lines. Meanwhile, some anticancer
features such as inducing apoptosis, effect on the cell cycle, effect on the
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caspase-3 enzyme, effect on the mitochondrial membrane, and inhibi-
tion effect on MMP-9 enzyme, of the active compounds were investi-
gated. Mostly, final compounds displayed potent inhibitory effects on
A549 and C6 cell lines. In particular, compound 2e was identified as the
most promising apoptosis inducing agent due to its significant apoptotic
effects on A549 cell line. It increased caspase-3 cell population and
showed significant mitochondrial membrane depolarization activity
more than cisplatin. Moreover, molecular docking and molecular dy-
namics simulation studies were run to understand the binding mode
with the target proteins using compound 2e as a model. In vitro and in
silico studies were in harmony and suggested that compound 2e stands
out as a promising anticancer drug candidate for further in vivo studies.
Briefly, our study set forth compound 2e that could be useful as an
anticancer agent. Also, it can be concluded similar compounds may
display their anticancer activity by acting on apoptotic pathways.

4. Materials and methods
4.1. Chemistry

All chemicals were purchased from Sigma-Aldrich Chemical Co
(Sigma-Aldrich Corp., St. Louis, MO, USA) and Merck Chemicals (Merck
KGaA, Darmstadt, Germany). All melting points (m.p.) were determined
by MP90 digital melting point apparatus (Mettler Toledo, Ohio, USA)
and were uncorrected. All reactions were monitored by thin-layer
chromatography (TLC) using Silica Gel 60 F254 TLC plates (Merck
KGaA, Darmstadt, Germany). Spectroscopic data were recorded with the
following instruments: 'HNMR (nuclear magnetic resonance) Bruker
DPX- 300 FT-NMR spectrometer, :>CNMR , Bruker DPX 75 MHz spec-
trometer (Bruker Bioscience, Billerica, MA, USA); M + 1 peaks were
determined by Shimadzu 8040 LC/MS/MS system (Shimadzu, Tokyo,
Japan). Elemental analyses were performed on a Leco 932 CHNS
analyzer (Leco, Michigan, USA).

4.1.1. General procedure for the synthesis of the N-(substituted
benzothiazol-2-yl)—2-chloroacetamide derivatives (1a-1f)

In a bottom flask, N-(substituted benzothiazol-2-yl)—2-amine (1 eq.)
and triethylamine (1.2 eq.) were added and dissolved in THF with a
constant stirring at 0-5 °C. After cooling, diluted chloroacetyl chloride
(1.5 eq.) in THF was added dropwise gradually to this solution. The
reaction mixture thus obtained was further agitated for 4 h at room
temperature. After the solvent was vaporized to dryness, the solid was
washed with water and filtered. After that, raw product was recrystal-
lized from ethanol.

4.1.2. N-(6-substituted benzothiazole-2-yl)—2-(4-substituted piperazin-1-
y) acetamide derivatives (2a-21)

In a bottom flask, N-(6-substituted benzothiazol-2-yl)—2-chlor-
oacetamide (1 eq), and piperazine derivatives (1 eq) were added in THF,
then triethylamine (1.2 eq) was added into this mixture to dissolve the
solid phase. The reaction thus acquired was further agitated for 2 h at
room temperature. The completion of the reaction was controlled by
TLC, and after the solvent was evaporated to dryness, the solid was
washed with water and filtered. After that, crude product was recrys-
tallized from ethanol. The chemical properties were given in Table 1.

4.1.3. N-(6-fluorobenzothiazol-2-yl)—2-(4-(p-tolyl) piperazin-1-yl)
acetamide (2a)

Brown solid, yield 80%, m. p. 125 °C, THNMR (300 MHz, DMSO-dg,
ppm) 6 2.19 (s, 3H, CH3), 2.68 (brs, 4H, piperazine-CHy), 3.10 (brs, 4H,
piperazine-CHy), 3.41 (s, 2H, CH>), 6.82 (d, J = 8.43 Hz, 2H, Ar-H), 7.01
(d, J = 8.28 Hz, 2H, Ar-H), 7.28 (td, J;=9.04 Hz, J,=2.57 Hz, H, Ar-H),
7.75 (q, J1=4.77 Hz, J,=8.90 Hz, H, Ar-H), 7.89 (dd, J;=2.49 Hz,
J»=8.70 Hz, H, Ar-H), 12.06 (brs, H, NH). *CNMR (75 MHz, DMSO-dg,
ppm) & 20.49 (CHs), 49.14 (CHy), 52.99 (piperazine-CHj), 60.60
(piperazine-CHy), 60.60 (CHz2), 108.47 and 108.82, 114.54 and 114.86,
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Fig. 3. Percentages of mitochondrial membrane polarization/depolarization of A549 cells after 24 h incubation with compounds 2a, 2b, 2c¢, 2e, 2f, 2 g, 2 h, 2j, 2k,

21 and cisplatin.
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Table 5
Mitochondrial membrane polarization and depolarization percentages on A549 cell line.
Comp. Depolarization% Polarization% Comp. Depolarization% Polarization%
2a 13.2 80.0 2g 7.7 90.2
2b 9.7 85.9 2h 41.2 55.2
2c 9.7 88.1 2i 11.9 79.6
2e 19.7 76.7 2j 28.3 60.5
2f 11.2 85.5 21 8.5 88.5
Control 3.4 95.3 R.D. 14.2 48.9
R.D.: Reference Drug (cisplatin).
bl 116.18, 122.03 and 122.15, 128.11, 129.81, 145.65, 149.39, 157.54,
g eff6 ¢ on cell evele of the selected compound 157.97 and 158, 160.72, 169.94 (C = O). For CyyH3,FN4OS calculated:
© eltect on cell cycie of the selected compounds. Elemental Analysis:%C 62.48;%H 5.51;%N 14.57; found:%C 62.47;%H
Compounds % GO/G1 Phase % S Phase % G2/M Phase 5.50;%N 14.58. HRMS (m/z): [M + 1]* calculated 385.1493; found
Control 48.35 12.95 20.61 385.1488.
Compound 2b 59.74 6.93 19.14
Compound 2e 69.18 5.84 18.89 (4[4 : 1 AN : 9.
Compound 2 g 5194 12,79 1166 4i1.4. 2 (Z 4 ghlorophenyl) piperazin-1-yl)-N-(6-fluorobenzothiazol-2.
Compound 2h 48.15 11.95 12.63 yDacetamide (2b) .
Cisplatin 54.45 456 18.51 Light brown solid, yield 72%, m. p. 160 °C, "HNMR (300 MHz,

A

DMSO-dg, ppm) 6 2.69 (brt, J1=4.59 Hz, 4H, piperazine-CH,), 3.17 (brt,
J = 4.68 Hz, 4H, piperazipiperazine-CHy), 3.43 (s, 2H, CHy), 9.94 (d, J =
9.05 Hz, 2H, Ar-H), 7.22 (d, J = 8.97 Hz, 2H, Ar-H), 7.30 (dd, J;=2.66

B
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Fig. 4. Percentages of cell cycle involvement of A549 cells after 24 h incubation with no agent (A), 2b (B), 2e (C), 2g (D), 2h (E) and cisplatin (F).
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Table 7

MMP-9 inhibition percentages of the synthesized compounds (100 ug/mL).
Comp. Inhibition% Comp. Inhibition%
2a 36.24 + 2.28 2g 10.24 + 1.06
2b 30.66 + 1.42 2h 16.46 + 2.18
2¢ 38.72 + 1.12 2i 8.52 +1.38
2d — 2j —
2e 46.36 + 2.12 2k 26.0 £ 0.62
2f 48.56 + 1.80 NNGH (1.3 uM) 91.59 + 0.68

NNGH: N-Isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid, it was
tested at 1.3 uM/mL concentration for determining inhibition% on MMP-9. —-:
No inhibition.

Hz, J,=9.07 Hz, H, Ar-H), 7.75 (q, J;=4.84 Hz, J,=8.86 Hz, H, Ar-H),
7.89 (dd, J;=2.65 Hz, J,=8.74 Hz, H, Ar-H), 12.20 (brs, H, NH).
13CNMR (75 MHz, DMSO-dg, ppm) & 48.43 (piperazine-CHy), 52.75
(piperazine-CHy), 60.45 (CH>), 108.47 and 108.83, 114.55 and 114.87,
117.35, 122.04 and 122.16, 122.81, 129.06, 145.65, 150.23, 157.54,
157.95 and 157.98, 160.72, 169.85 (C = 0O). For C;9H;3CIFN4OS
calculated: Elemental Analysis:%C 56.36;%H 4.48;%N 13.84; found:%C
56.35;%H 4.47;%N 13.83. HRMS (m/2): [M + 11" calculated 405.0947;
found 405.0941.

4.1.5. N-(benzothiazol-2-yl)—2-(4-(p-tolyl) piperazin-1-yl)acetamide (2c)

Brown powder, yield 75%, m. p. 169 °C, THNMR (300 MHz,
DMSO-dg, ppm) & 2.18 (s, 3H, CH3), 2.67 (brs, 4H, piperazine-CH,),
3.08 (brs, 4H, piperazine-CHy), 3.41 (s, 2H, CH3), 6.80 (d, J = 8.53 Hz,
2H, Ar-H), 7.00 (d, J = 8.40 Hz, 2H, Ar-H), 7.30 (t, J = 7.71 Hz, H, Ar-H),
7.43 (t,J=7.71Hz,H, Ar-H), 7.75(d, J = 7.87 Hz, H, Ar-H), 7.97 (d, J =
7.87 Hz, H, Ar-H), 12.43 (brs, H, NH). '3CNMR (75 MHz, DMSO-ds,
ppm) & 20.50 (CHj3), 49.14 (piperazine-CHj), 52.99 (piperazine-CHy),
60.68 (CHy), 116.17, 121.00, 122.16, 124.06, 126.59, 128.11, 129.81,
131.95, 148.93, 149.37, 157.98, 169.85 (C = O). For CyyH23N40S
calculated: Elemental Analysis:%C 65.55;%H 6.05;%N 15.29; found:%C
65.54;%H 6.04;%N 15.28. HRMS (m/2): [M + 11" calculated 367.1587;
found 367.1577.

4.1.6. N-(benzothiazol-2-yl)—2-(4-(4-chlorophenyl) piperazin-1-yl)
acetamide (2d)

Off-white powder, yield 77%, m. p. 155 °C, 'HNMR (300 MHz,
DMSO-dg, ppm) & 2.68 (brs, 4H, piperazine-CHj), 3.16 (brs, 4H, piper-
azine-CH»), 3.42 (s, 2H, CH2), 6.91 (d, 2H, J = 9.26 Hz, 2H, Ar-H), 7.22
(d, J=8.73 Hz, 2H, Ar-H), 7.30 (brt, J = 7.43 Hz, H, Ar-H), 7.43 (brt, J =
7.70 Hz, H, Ar-H), 7.75 (d, J = 7.92 Hz, H, Ar-H), 7.98 (d, J = 7.65 Hz, H,
Ar-H), 12.40 (brs, H, NH). *CNMR (75 MHz, DMSO-dg, ppm) 5 48.47

Table 8
Some characteristics of the synthesized compounds.
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(piperazine-CHy), 52.77 (piperazine-CH>), 60.57 (CHy), 117.33, 121.00,
122.18, 122.80, 124.05, 126.59, 129.06, 131.94, 148.93, 150.23,
157.97, 169.82 (C = 0). For C;9H;9CIN4OS calculated: Elemental
Analysis:%C 58.98;%H 5.80;%N 14.65; found:%C 58.99;%H 5.81;%N
14.66. HRMS (m/2): [M + 11" calculated 387.1041; found 387.1045.

4.1.7. N-(6-methoxybenzothiazol-2-yl)—2-(4-(p-tolyl) piperazin-1-yl)
acetamide (2e)

Orangish powder, yield 70%, m. p. 162 °C, 'HNMR (300 MHz,
DMSO-dg, ppm) 6 2.18 (s, 3H, CHs), 2.68 (s, 4H, piperazine-CHy), 3.09
(s, 4H, piperazine-CHy), 3.39 (s, 2H, CHjy), 3.80 (s, 3H, O—CHs),
6.79-6.86 (m, 2H, Ar-H), 6.98-7.05 (m, 3H, Ar-H), 7.56 (d, J = 2.50 Hz,
H, Ar-H), 7.64 (d, J = 8.85 Hz, H, Ar-H), 11.24 (brs, H, NH). I3CNMR (75
MHz, DMSO-dg, ppm) & 20.50 (CH3), 49.15 (piperazine-CHjy), 53.01
(piperazine-CHy), 56.07 (J = 2.42 Hz, O—CHjs), 60.53 (CHy), 105.18,
115.38, 116.17, 116.60, 121.60, 128.09, 129.81, 129.95, 133.27,
143.04, 149.39, 155.91, 156.64, 169.53 (C = 0). For Cy;Hz4N404S
calculated: Elemental Analysis:%C 63.61;%H 6.10;%N 14.13; found:%C
63.62;%H 6.11;%N 14.12. HRMS (m/2): [M + 1]7 calculated 397.1693;
found 397.1681.

4.1.8. 2-(4-(4-Chlorophenyl) piperazin-1-yl)-N-(6-methoxybenzothiazol-
2-yDacetamide (2f)

Yellowish powder, yield 73%, m. p. 203 °C, THNMR (300 MHz,
DMSO-dg, ppm) 6 2.68 (brt, J = 8.84 Hz, 4H, piperazine-CHy), 3.16 (brt,
J = 8.82 Hz, 4H, piperazine-CHjy), 3.94 (s, 2H, CHjy), 3.80 (s, 3H,
0—CH3), 6.92 (d, J = 9.07, 2H, Ar-H), 7.03 (dd, J;=2.57 Hz, J,=8.92
Hz, H, Ar-H), 7.21 (d, J = 8.99 Hz, 2H, Ar-H), 7.57 (d, J = 2.51 Hz, H, Ar-
H), 7.64 (d, J = 8.83 Hz, H, Ar-H), 10.94 (brs, H, NH). 13CNMR (75 MHz,
DMSO-dg, ppm) & 48.48 (piperazine-CHjy), 52.78 (piperazine-CHj),
56.01 (J = 2.28 Hz, O—CHj3), 60.54 (CHy), 105.18, 115.39, 117.32,
121.60, 122.80, 129.05, 133.26, 143.02, 150.23, 155.91, 156.64,
169.50 (C = O). For CgoH21CIN4O5S calculated: Elemental Analysis:%C
57.62;%H 5.08;%N 13.44; found:%C 57.63;%H 5.09;%N 13.45. HRMS
(m/2): [M + 117 calculated 417.1147; found 417.1146.

4.1.9. N-(6-methylbenzothiazol-2-yl)—2-(4-(p-tolyl) piperazin-1-yl)
acetamide (2 g)

Orangish powder, yield 76%, m. p. 163 °C, 'HNMR (300 MHz,
DMSO-dg, ppm) 6 2.19 (s, 3H, phenyl-CH3s), 2.40 (s, 3H, CHs), 2.68 (brt,
J =9.44 Hz, 4H, piperazine-CHy), 3.09 (brt, J = 9.48 Hz, 4H, piperazine-
CHy), 3.40 (s, 2H, CHy), 6.81 (d, J = 8.59 Hz, 2H, Ar-H), 7.01 (d, J =
8.47 Hz, 2H, Ar-H), 7.24 (dd, J;=1.42 Hz, J,=8.51 Hz, H, Ar-H), 7.63 (d,
J = 8.21 Hz, H, Ar-H), 7.74 (brd, J = 0.69 Hz, H, Ar-H), 11.24 (brs, H,
NH). 1*CNMR (75 MHz, DMSO-ds, ppm) & 20.50 (phenyl-CHs), 21.44

Physicochemical Properties Druglikeness Pharmacokinetics
Compound MW Log P Log S TPSA HBA HBD MV DLMS A B C D E F GI BBB
2a 384.14 4.25 —4.08 48.47 5 1 337.61 0.77 + + + + + 0.55 High Yes
2b 404.09 4.48 —4.58 48.47 5 1 334.59 0.85 + + + + + 0.55 High Yes
2¢ 366.15 4.11 -3.68 48.47 5 1 332.68 0.77 + + + + + 0.55 High Yes
2d 386.10 4.34 —4.18 48.47 5 1 329.66 1.22 + + + + + 0.55 High Yes
2e 396.16 4.14 -3.91 57.70 6 1 358.23 0.69 + + + + + 0.55 High No
2f 416.11 4.37 —4.41 57.70 6 1 355.20 1.12 + + + + + 0.55 High No
2g 380.17 4.53 —4.09 48.47 5 1 349.24 0.47 + + + + + 0.55 High Yes
2h 400.11 4.76 —4.59 48.47 5 1 346.22 0.89 + + + + + 0.55 High Yes
2i 410.18 4.52 —4.35 57.70 6 1 375.03 0.55 + + + + + 0.55 High No
2j 430.12 4.75 —4.85 57.70 6 1 372.00 0.97 + + + + + 0.55 High No
2k 411.14 4.04 —4.54 94.29 8 1 356.01 0.12 + + + + + 0.55 High No
21 431.08 4.27 —5.05 94.29 8 1 352.99 0.48 + + + + + 0.55 High No

MW: Molecular weight, Log P: Octanol/water partition coefficient, Log S: Aqueous solubility [in Log(moles/L)], TPSA: Topological polar surface area, DLMS: Drug-
likeness model score, HBA: Number of hydrogen acceptors, HBD: Number of hydrogen donors, MV: Molecular volume (A%), DLMS, and MW were calculated by
molsoft.com/mprop/software. Log P, TPSA HBA, HBD and molecular volume was calculated by www.molinspiration.com/cgi-bin/properties. Druglikeness and
pharmacokinetics profiles were determined by SwissADME web tool (http://www.swissadme.ch). A: Lipinski, B: Ghose, C: Veber, D: Egan, E: Muegge (+ means
appropriate in rule, - means inappropriate in rule), F: Bioavailability Score; GI: Gastrointestinal absorption, BBB: Blood-Brain barrier permeant.


http://www.molinspiration.com/cgi-bin/properties
http://www.swissadme.ch
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(CH3), 49.15 (piperazine-CHj), 53.00 (piperazine-CHj), 60.67 (CHy),
116.17, 120.63, 121.76, 127.91, 128.09, 129.81, 132.09, 133.50,
146.92, 149.39, 157.09, 169.68 (C = O). For Cy1H24N40S calculated:
Elemental Analysis:%C 66.29;%H 6.36;%N 14.72; found:%C 66.28;%H
6.35;%N 14.71. HRMS (m/z): [M + 1] calculated 381.1744; found
381.1732.

4.1.10. 2-(4-(4-Chlorophenyl) piperazin-1-yl)-N-(6-
methylbenzothiazol-2-yl)acetamide (2 h)

Off-white powder, yield 78%, m. p. 205 °C, 'HNMR (300 MHz,
DMSO-dg, ppm) & 2.40 (s, 3H, CHs), 2.68 (brs, 4H, piperazine-CH>), 3.16

12

(brs, 4H, piperazine-CHj), 3.40 (s, 2H, CHy), 6.92 (d, J = 8.64 Hz, 2H,
Ar-H), 7.19-7.25 (m, 3H, Ar-H), 7.63 (d, J = 8.17 Hz, H, Ar-H), 7.74 (s,
H, Ar-H), 11.71 (brs, H, NH). 3CNMR (75 MHz, DMSO-ds, ppm) 5 21.44
(CH3s), 48.48 (piperazine-CHj), 52.77 (piperazine-CHj), 60.56 (CHy),
117.33, 120.64, 121.77, 122.79, 127.92, 129.06, 132.08, 133.51,
146.90, 150.24, 157.07, 169.65 (C = O). For CyoH21CIN4OS calculated:
Elemental Analysis:%C 59.92;%H 5.28;%N 13.97; found:%C 59.93;%H
5.29;%N 13.96. HRMS (m/z): [M + 1] calculated 401.1197; found
401.1182.
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Fig. 6. Compound 2e (Spring green carbon) at the pocket of caspase-3 (Orange carbon for interacted residues and gray carbon for other binding side residues.

PDBID: 4EHA).
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4.1.11. N-(6-ethoxybenzothiazol-2-yl) —2-(4-(p-tolyD) piperazin-1-yl)
acetamide (2i)

Brown powder, yield 70%, m. p. 115 °C, 'HNMR (300 MHz,
DMSO-dg, ppm) & 1.34 (t, J = 6.86 Hz, 3H, ethoxy-CHs), 2.18 (s, 3H,
phenyl-CHs), 2.67 (brs, 4H, piperazine-CHy), 3.08 (brs, 4H, piperazine-

13

CHy), 3.38 (s, 2H, CHy), 4.04 (q, J;=6.87 Hz, J,=13.52 Hz, 2H, ethoxy-
CH>), 6.80 (d, J = 8.46 Hz, 2H, Ar-H), 6-987.03 (m, 3H, Ar-H), 7.53 (s,
H, Ar-H), 7.63 (d, J = 8.82 Hz, H, Ar-H), 11.96 (brs, H, NH). 13CNMR (75
MHz, DMSO-dg, ppm) & 15.15 (ethoxy-CHs), 20.49 (phenyl-CHgs), 49.15
(piperazine-CHy), 53.01 (piperazine-CHj), 60.66 (CH3), 64.05 (ethoxy-
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Fig. 8. Compound 2e (Orange carbon) at the pocket of caspase-3 (Spring green carbon for interacted residues and gray carbon for other binding side residues.

PDBID: 4QTX).
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Fig. 9. 2D diagram of compound 2e at active pocket of MMP-9 (PDBID: 5I12).

CHy), 105.79, 115.72, 116.16, 121.59, 128.09, 129.80, 133.27, 142.97,
149.38, 155.89, 169.50 (C = O). For Cy5Hy6N405S calculated: Elemental
Analysis:%C 64.37;%H 6.38;%N 13.65; found:%C 64.38;%H 6.39;%N
13.66. HRMS (m/z): [M + 11" calculated 411.1849; found 411.1841.

4.1.12. 2-(4-(4-Chlorophenyl) piperazin-1-yl)-N-(6-ethoxybenzothiazol-2-
yDacetamide (2j)
Brown powder, yield 75%, m. p. 160 °C, THNMR (300 MHz,

14

DMSO-dg, ppm) & 1.33 (t, J = 6.79 Hz, 3H, ethoxy-CHs), 2.67 (brs, 4H,
piperazine-CHy), 3.14 (brs, 4H, piperazine-CHy), 3.40 (s, 2H, CH>), 4.04
(q, J;=6.87 Hz, J,=13.74 Hz, 2H, ethoxy-CH>), 6.89 (d, J = 8.84 Hz, 2H,
Ar-H), 7.01 (dd, J;=2.18 Hz, J,=8.74 Hz, H, Ar-H), 7.20 (d, J = 8.83 Hz,
2H, Ar-H), 7.53 (d, J = 2.11 Hz, H, Ar-H), 7.63 (d, J = 8.83 Hz, H, Ar-H),
11.97 (brs, H, NH). 3CNMR (75 MHz, DMSO-ds, ppm) & 15.15 (ethoxy-
CHs), 48.46 (piperazine-CHj), 52.78 (piperazine-CHjy), 60.54 (CHy),
64.05 (ethoxy-CHy), 105.79, 115.72, 117.30, 121.59, 122.82, 129.04,



A.E. EVREN et al.

Journal of Molecular Structure 1320 (2025) 139732

Fig. 10. Compound 2e (Orange carbon) at the pocket of MMP-9 (Spring green carbon for interacted residues and gray carbon for other binding side residues.

PDBID: 5112).

133.26, 142.95, 150.21, 155.87, 169.45 (C = O). For Cy1H33CIN4O,S
calculated: Elemental Analysis:%C 58.53;%H 5.38;%N 13.00; found:%C
58.52;%H 5.39;%N 13.01. HRMS (m/2): [M + 11" calculated 431.1303;
found 431.1294. MS [M + 1] +: m/z 431.1294.

4.1.13. N-(6-nitrobenzothiazol-2-yl) —2-(4-(p-tolyD) piperazin-1-yl)
acetamide (2k)

Yellow solid, yield 81%, m. p. 229 °C, THNMR (300 MHz, DMSO-dg,
ppm) & 2.19 (s, 3H, CHj3), 2.70 (brt, 4.82 Hz, 4H, piperazine-CHy), 3.12
(brt, J = 4.75 Hz, 4H, piperazine-CHy), 3.47 (s, 2H, CH>), 6.84 (d, J =
8.47 Hz, 2H, Ar-H), 7.02 (d, J = 8.47 Hz, 2H, Ar-H), 7.90 (d, J = 9.06 Hz,
H, Ar-H), 8.28 (dd, J;=2.43 Hz, J,=8.90 Hz, H, Ar-H), 9.06 (d, J = 2.37
Hz, H, Ar-H), 12.60 (brs, H, NH). 13CNMR (75 MHz, DMSO-de, ppm) &
20.51 (CHgs), 49.11 (piperazine-CHjy), 52.94 (piperazine-CHj), 60.59
(CH3), 116.20,119.53,121.05,122.25,128.13,129.82,132.67, 143.47,
149.38, 153.88, 163.62, 170.62 (C = O). For CooH21N503S calculated:
Elemental Analysis:%C 58.38;%H 5.14;%N 17.02; found:%C 58.37;%H
5.15;%N 17.01. HRMS (m/z): [M + 1] calculated 412.1438; found
412.1419.

4.1.14. 2-(4-(4-Chlorophenyl) piperazin-1-yl)-N-(6-nitrobenzothiazol-2-
yDacetamide (21)

Light brown solid, yield 80%, m. p. 183 °C, 'HNMR (300 MHz,
DMSO-dg, ppm) & 2.71 (brs, 4H, piperazine-CHj), 3.17 (brs, 4H, piper-
azine-CHy), 3.48 (s, 2H, CHj), 6.92 (d, J = 8.71 Hz, 2H, Ar-H), 7.21 (d, J
= 8.59 Hz, 2H, Ar-H), 7.86 (d, J = 8.87 Hz, H, Ar-H), 8.23-8.27 (m, H,
Ar-H), 9.01 (s, H, Ar-H), 12.55 (brs, H, NH). '*CNMR (75 MHz,
DMSO-dg, ppm) & 48.42 (piperazine-CHy), 52.71 (piperazine-CHj),
60.46 (CHy), 117.32, 119.43, 121.00, 122.17, 122.82, 129.04, 132.64,
143.43, 150.20, 153.83, 163.53, 170.52 (C = 0). For C19H18CIN503S
calculated: Elemental Analysis:%C 52.84;%H 4.20;%N 16.22; found%C
52.85;%H 4.21;%N 16.23. HRMS (m/2): [M + 11" calculated 432.0892;
found 432.0872.
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4.2. Biochemistry

4.2.1. Model cell line

The human lung adenocarcinoma (A549), rat glioma (C6) and mouse
embryonic fibroblast (NIH/3T3) cells were maintained in 75 cm? sterile
plastic tissue culture flasks in 90% RPMI (Sigma, Deisenhofen, Ger-
many) medium supplemented with%10 (v/v) FBS (Gibco, Paisley, UK)
and penicillin/streptomycin (Gibco, Paisley, UK) (100 units/mL) as
adherent monolayers. These cells were grown at 37 °C in a humidified
atmosphere containing%5 CO, in air. These methods were applied
previously [51,58,72]

4.2.2. Cell viability analysis

MTT (3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bro-
mide) approach was used to measure the cytotoxicity of the tested
compounds against NIH/3T3, C6 and A549 cell lines according to the
reported data [73,74]. The A549, C6, and NIH/3T3 cells were cultured
at a density of 5 x 10° cells per well in flat bottomed 96-well plates. All
of the synthesized compounds with various concentrations (50-1000
uM) and cisplatin as control drug was dissolved in DMSO. The next steps
were run as same in our previous works [58,62].

4.2.3. The determination of early/late apoptosis by flow cytometry

After the A549, C6 and NIH/3T3 cells were incubated with the most
potent antiproliferative agents in this series at their ICs concentrations,
phosphatidylserine externalization, which indicates early apoptosis, was
measured by the FITC Annexin V apoptosis detection kit (BD Pharmin-
gen, San Jose, CA, USA) on a BD FACSAria flow cytometer for 24 h. The
A549 and NIH/3T3 cells were harvested and washed twice with ice-cold
PBS and resuspended in 100 pL of binding buffer. A volume of 5 pL (5
pg/mL) of Annexin V-FITC and PI were added to the cells and incubated
for 15 min in the dark at room temperature (20-25 °C). Then, 400 pL of
binding buffer was added to the mixture samples and analyzed on a BD
FACSAria flow cytometer using FACSDiva version 6.1.1 software (BD
Biosciences, San Jose, CA, USA). Similar procedures [59,75,76] were
used to investigated.
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4.2.4. Cell cycle analysis

After A549 cells were incubated with compounds for 24 h cell cycle
analyses measurement protocol was applied according to the manufac-
turer’s instructions (BD, Biosciences). This method was applied recently
in our previous study [58].

4.2.5. Spectroftuorometric analysis of caspase-3 activation

Caspase-3 activation was analyzed by Spectrofluorometric Caspase-3
Assay kit (BD Pharmingen, Franklin Lakes, NJ). This experiment was
performed according to Yurttas et al. [77]..

4.2.6. Mitochondrial membrane depolarization determination assay

Staining of cells with JC-1 was realized according to the manufac-
turer’s recommendations of BD, Pharmingen Flow cytometry kit. After
determining the most active compounds by MTT method, the mito-
chondrial membrane integrity of the compounds on A549 cells was
established based on their IC5( concentrations. Cisplatin was used as a
positive control and the results were compared with this positive control
[78]. This experiment was performed according to our previous work
[62].

4.2.7. MMP-9 inhibition

MMP-9, colorimetric kits were purchased from EnzoLife Sciences Inc.
(Farmingdale, New York, NY, USA). The MMP Colorimetric Drug Dis-
covery Kits are a complete assay system designed to screen MMP in-
hibitors using a thiopeptide as a chromogenic substrate (Ac-PLG-[2-
mercapto-4-methyl-pentanoyl]-LG-OCyHs). The same method was uti-
lized in our previous work [50,62]. Similarly, NNGH was used as a
control inhibitor. Data was expressed as Mean+SD. The inhibitor%
remaining activity of MMPs was calculated using the following
equation:

Inhibitor\%activityremaining = (V inhibitor / Vcontrol ) x 100.

The inhibition (percent) of MMPs was calculated using the following
equation:

I (%) =100 — Inhibitor\%activityremaining

4.2.8. ADME parameters

Estimating some parameters such as drug-likeness profile, cheap, and
easy synthesis in a short time, become indispensable in medicinal
chemistry since these gain us some advantages [79-81].

Predictions of ADME properties of the obtained compounds 2a-21
were calculated by the online Molinspiration property program [82], the
Molsoft software [83] and SwissADME web-based tool [84]. The ligands
were generated in smiles format and uploaded to these websites in this
form.

4.3. Insilico studies

4.3.1. Molecular docking studies

The primary aim of these molecular docking studies was to deter-
mine the binding mode between active ligand and protein structures due
to in vitro results, thus, the molecular docking studies were run only for
2e.

The crystal structures of the enzymes were retrieved from the Protein
Data Bank server (PDB codes: 4EHA and 4QTX for caspase-3, 5112 for
MMP-9). Since the wild-type and mutation form of caspase-3 enzyme
[85,86] are frequently encountered in cancer cells, both crystals were
used. We also explain it in the procedure of molecular docking. The
processes of protein preparation, ligand preparation, grid generation,
docking and visualization studies were performed on Schrodinger’s
Maestro molecular modeling package [87,88] as in previous studies [51,
54,89,90].

The water molecules were extracted from the crystal structures. Li-
gands were set to the physiological pH (pH 7.4 + 1.0) at the protonation
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step. In molecular docking simulations, Glide/XP docking protocols
were used for understanding the binding mode of compound 2e with the
active site of target proteins, then they were analyzed.

4.3.2. Molecular dynamics simulation study

The MDS technique is more realistic than the molecular docking
study since the binding mode between ligand and protein, and the sys-
tem stability can be analyzed as 4-dimensional [91-94]. Additionally, we
can observe the environmental changes and their effects on binding
mode during the simulation [95]. The methodology was applied as same
as our previous studies [53,66,89,92,96]. Briefly, the best docking pose
was carried out. The MDS was performed on Desmond application [97]
using the standard force field (OPLS3e) of Schrodinger Suite with a
transferable intermolecular potential with 3 points (TIP3P) water model
followed by energy minimization of the complex. The neutralization of
the system was achieved using Na™ and Cl~ ions and 150 mM NaCl was
added into dynamics condition. The molecular dynamics simulation was
performed following the completion of the system setup. The radius of
gyration (Rg), root mean square fluctuation (RMSF), and root mean
square deviation (RMSD) values were -calculated by Desmond
application.
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