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Synthesis of combretastatin-A4 carboxamides mimicking with
sulfonyl piperazines by a molecular hybridization approach: In
vitro cytotoxicity evaluation and tubulin polymerization inhibition

Chetna Jadala®, Manda Sathish®, Pratibha Anchi’, Ramya Tokala®, Uppu Jaya Lakshmi®, Velma

Ganga Reddy™, Nagula Shankaraiah®®", Chandraiah Godugu®" and Ahmed Kamal®®®"

Abstract: Molecular hybridization approach is a promising structural modification tool to design new chemical entities (NCEs) by mimicking
two different pharmacophoric units into one scaffold to enhance the biological properties. With this aim, combretastatin A4 acids were
integrated with sulfonyl piperazine scaffolds as a one molecular platform and evaluated for their in vitro antiproliferative activity against a
panel of human cancer lines cell lines namely, lung (A549), mouse melanoma (B16F10), breast (MDA MB-231, MCF-7) and colon (HCT-15)
by MTT assay. Amongst which the compound (E)-3-(4-Chlorophenyl)-1-(4-((4-chlorophenyl)sulfonyl)piperazin-1-yl)-2-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one (5ab) displayed significant ICs, values in the range of 0.36 to 7.08 pm against the selected cancer cell lines.
Moreover, 5ab was found to be the most potent member of this series with ICs, 0.36£0.02 um. Further investigations revealed that the
compound 5ab displayed significant inhibition of tubulin assembly with 1Cs, 5.24+0.06 pm and molecular docking studies also disclosed the
binding of 5ab effectively at the colchicine binding site. The flow cytometric analysis demonstrated that the compound 5ab caused cell cycle
arrest at G2/M phase in A549 cells. Compound 5ab induced apoptosis in A549 cells which was further evaluated by different staining assays
such as DAPI and AO which undoubtedly speculated, the induction of apoptosis. To study the anti-migration with 5ab, cell migration/scratch

wound assay was performed and the extent of apoptosis was studied by Annexin-V, including mitochondrial potential by JC-1 staining.

Introduction

Microtubules are vital components of cytoskeleton composed of
a, B-tubulin heterodimer assembly, majorly engaged in cell
division which is responsible for spindle formation and
separating duplicated chromosomes prior to cell division; this
makes them as an imperative target for anticancer drugs™. In
this breakthrough, both natural and synthetic derivatives are
capable of targeting microtubules assembly or disassembly that
has attracted much attention . The typical paradigms that are
acting as antimitotic agents are epothilone A P, paclitaxel ,
vinblastine ® and combretastatin A4 (Figure 1) ©, which are
mainly categorized in the management of ovarian, prostate and
breast cancers 8. Besides the efficacy and medical usefulness
of presently available drugs, the main drawback is systemic
toxicity and poor biopharmaceutical properties ® *?. As a resuilt,
the search for novel antimicrotubule scaffolds with improved ph-
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armacodynamic profile with lower toxicity is the main spotlight
for many researchers.™ Tubulin has three binding sites, the
taxane binding site, vinca binding site and the colchicine binding
site "2 31 Molecules that act as microtubule stabilizing agents
prevent depolymerisation by targeting the taxane binding site ™*
31 while the agents which inhibit a, B-tubulin assembly towards
polymerization, target the vinca and colchicine binding sites ™.
The ligands interacting at colchicine binding site were
extensively studied and many other interesting compounds such
as podophyllotoxin, colchicine and CA4 were identified. To that
end, CA4 was isolated from Combretum caffrum ™" has
imperative pharmacological profile, structural simplicity and
potent antitumor properties. The cis-configuration of the double
bond between the two aryl rings and the 3, 4, 5-trimethoxy
system on the A ring are essential requirements for its biological
activity 2% however it suffers from lower water solubility and
readily isomerization of double bond to inactive trans form #* 22,
It is evident from the previous reports that diverse ligands
mimicking CA4 were designed and explored their structure
activity relationships and chemical modifications and were
evaluated for their anti-proliferative activities. C. Borrel et al.
have prepared two series of compounds bearing substituent
either a carboxamide or a carbamate group, on C1 position of
the olefin bridge adjacent to the A-ring of these compounds,
carboxamide substitution was less cytotoxic but displayed
increased antitubulin activity (Figure 1, CA4 carboxamide) %24,
Therefore, the above findings inspired us to design CA4 ligands
having amide linkage by different motifs with the goal of
including a new profile or a novel set of molecules with improved
cytotoxicity and lower toxicity profile.

On the other hand, a theme has been gaining importance in
cancer chemotherapy by the use of combinations of two or more
agents ®°. With respect to molecular hybridization approach, two
important fragments are merged which could be beneficial for
the treatment of cancer, considering the fact that the
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sulfonamide and piperazine derivatives represent a class of
pharmacologically proficient scaffolds having diverse biological
activities. Sulfonamides were extensively used owing to their
clinical usage as anti-inflammatory ¥, anticancer #" 28,
antimicrobial 2> ® antiviral and HIV protease inhibitors B2,
Earlier reports have shown significant insights and used in
clinical studies about the effective antitumor activity of novel
sulfonamide derivatives and several colchicine binding site
agents bearing the sulfonamide group, such as J30 % and
T138067 B¥ (Figure 1). Furthermore, in recent years the
piperazine derivatives were also reported to be diverse structural
motifs and procured much attention due to their versatile
properties 4%, |t has been found that N-substituted piperazine
compounds possess a wide range of pharmaceutical activities,
such as anticancer P, antifungal ®® and antimicrobial %
activities. Piperazine and its derivatives are one of the important
scaffolds, besides having potent antibacterial activity such as
piperazinyl-linked ciprofloxacin dimers “% also possess
anticancer activity. Plinabulin which is a piperazine derivative
with colchicine-like tubulin depolymerization activity displayed
ICso values at nanomolar scale “Y. Inspired by the biological
profile and synthetic accessibility of combretastatin A-4 and
sulfonyl piperazine and our continued interest in developing
novel anticancer agents led to molecular hybridization M of
these molecules shown in Figure 1. In this perspective, a series
of novel compounds were synthesized and evaluated for their in
vitro anticancer activity and the most promising compound was
also further evaluated for its in vitro cytotoxicity.
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Figure 1. Chemical structures of novel tubulin inhibitors and molecular

hybridization approach to combretastatin A-4 inspired sulfonyl piperazine
scaffolds 5a—ad.

Results and Discussion

Chemistry

The synthetic route for the preparation of desired combretastatin
CA-4-linked sulfonyl piperazine hybrids 5a—ad was outlined in
Scheme 1. We began with the synthesis of different substituted
sulfonamides 2a—e by reacting piperazine with different
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benzenesulfonyl chlorides 1 in CH,Cl, as solvent. Next, phenyl
acetic acid (3) was treated with substituted aldehydes to afford
the (E)-3-phenyl-2-(2,3,4-trimethoxyphenyl)acrylic acids 4a-f.
Then the desired combretastatin CA-4-linked sulfonyl piperazine
hybrids 5a—ad were successfully synthesized by acid amine
coupling between the intermediates 2a—e and 4a—f using EDCI
and HOBt in dry DMF. The corresponding crude compounds
were purified via column chromatography and obtained with
good to excellent yields (85-90%). All the final compounds 5a—
ad were unambiguously characterized by spectroscopic studies
(*H NMR, **C NMR and HRMS). The *H NMR spectrum of 5a
showed a significant broad peak of 4 protons of piperazine from
6 2.7-3.0 ppm and another four protons were observed at 6 3.68
ppm and a prominent cis proton appeared at 6 6.62 ppm and
rest of the aromatic protons appeared in the range of 6 7.9-6.0

ppm.
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| 5a:R=H, R = 2-0C,Hs 5p: R = OCHy, R = 4-CI }
| 5b:R=H,R'=4-OMe 5q: R = OCHj, R' = 4-F 3
! 5c:R=H,R'=4-CH, 5r: R = OCHj, R' = 4-CF; |
' 5d:R=H,R!'=4-Cl 5s: R = 3°-C4Hg, R' = 2-OC,Hs |
| 5e:R=H,R'=4-F 5t: R = 3°-C,Hg, R =4-OMe !
! 5f: R=H,R'!=4-CF, 5u: R =3°C4Hg, R' =4-CH; !
! 5g:R=CHs, R'=2-0C,Hs 5v:R=3%C4Hg,R'=4-Cl !
| 5h:R=CHy R'=4-OMe  5W:R=3%C,Hg,R'=4-F !
! 5i: R=CH,, R' =4-CH, 5x: R = 3°-C4Hg, R" = 4-CF; |
' 5j:R=CHj,, R =4-ClI 5y: R=Cl, R = 2-OC,H; !
! 5k:R=CHj,, R'=4-F 52:R = CI, R' = 4-OMe ;
! 5I: R = CH, R' = 4-CF, 5aa: R = Cl, R' = 4-CH, ;
! 5m: R = OCHj, R' = 2-OC,H; 5ab: R =C|, R = 4-C |
! 5n:R=0CH;, R'=4-OMe  5ac:R=Cl,R'=4-F 3
' 50: R = OCHj, R" = 4-CHs 5ad: R = CI, R' = 4-CF3 |

Scheme 1. Synthesis of combretastatin A-4 linked sulfonyl piperazine hybrids

5a—ad.
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In the ®C NMR spectrum of 5a, the carbonyl and methyl
carbons appeared at 6 170.0 and 15.4 ppm, respectively.
methoxy carbons obtained at 56.0 and 60.0 ppm and remaining
aromatic carbons appeared in the range of 6 156.5-105.8 ppm.
Similarly, all the remaining compounds *H and **C NMR spectra
were noticed in the similar pattern. The HRMS (ESI) of 5a—ad
showed characteristic [M + H]" peaks equivalent to their
molecular formulae.

Biology

Antiproliferative activity

The newly synthesized hybrids 5a—ad were evaluated for their
invitro antiproliferative potency against selected human cancer
cell lines such as lung (A549), mouse melanoma (B16F10)
breast (MDA-MB-231, MCF-7) and colon (HCT-15) by the aid of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay .. The results of respective cytotoxicity data were
displayed in the form of ICso (concentration required to inhibit
50% of the cancer cells), along with combretastatin A4 1Cs
which was included as the standard (Table 1). From the results,
it can be inferred that compounds 5d, 5f, 5h, 5j, 5t, 5u, 5ab, 5ac
and 5ad exhibited significant cytotoxicity in almost all the cancer
cell lines with ICs values ranging from 0.43+0.06 to 29.72+4.53
uM. Amongst all the compounds tested, 5ab exhibited
remarkable cytotoxicity in all the cancerous cell lines displaying
ICso ranging from 0.36+0.02 pM to 7.05+3.36 pM.

Figure 2. Cytospecificity of compound 5ab towards different cell lines. 1Csq
values were calculated after 48 h treatment with compound 5ab Values are
represented by mean + SEM of three independent experiments.

Moreover, the compound 5ab is active as much as CA4 showing
ICs0 value as 0.36+0.02 pm whereas CA4 exhibited 1Cso of
0.43+0.16 uM on A549 cell line and it was noteworthy that the
compound 5ab was comparitively less potent for the other
studied cell line showing ICsp 7.05+3.36 um on HCT cell line.
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From the close analysis of Table 1, the structure activity
relationship (SARs) for these compounds has been constructed
by considering the sulfonamide ring was selected, which is
diversified with 5 substituents of which 4-chloro substitution on
C4 of sulfonamide phenyl ring has shown potent activity as in
case of 5z, 5aa and 5ab of which the compound 5ab was most
potent. The other substituents on sulfonamide ring such as H,
methyl, methoxy and tertiary butyl were comparatively less
active than 4-chloro substitution. From this, we could speculate
that 4-chloro substitution on C4 of sulfonamide ring was
responsible for the compound to show cytotoxicity. It was also
noteworthy to consider the varaiable groups on CA4 ring for eg.,
the compounds 5z and 5aa having 4-chloro substitution at C4 of
CA4 B-ring were moderately active towards the tumor cell lines
investigated but the other compounds such as 5p and 5v with
chloro substitution on C4 of CA4 ring were comparatively less
active. Furthermore, the compounds such as 5a, 5g, 5m, 5s and
5y with ethoxy substitution on C4 of CA4 B-ring were less potent
on all the cell lines investigated. Finally, keeping in view of
above speculations, we have arranged the compounds in order
of their cytotoxicity based on substitution on sulfonamide and
CA4 ring as CI-CI>CI-Me>CI-OMe. To find out the selectivity
towards cancer cells, the most active compound 5ab was tested
on normal human keratinocyte cell line (HaCaT). Interestingly,
compound 5ab was found to be almost 3 times more selective
on A549 cells compared to normal HaCaT cells. The promising
cytotoxicity of compound 5ab on A549 cells provoked us to
explore for its effect at cellular level.

Cell Migration/Scratch Wound assay

Cancerous cells multiply and migrate throughout the body, with
the help of extracellular matrix by intravasing into blood
circulation, subsequently attaching to a distant site, and finally
extravasing by making its own identity. This invasion is currently
considered as a main reason for death in cancer patients termed
as metastatic progression *4. Hence, to evaluate this property
by the potent hybrid 5ab on A549 cancer cells, the assay was
performed by cell culture wound closure assay. It can be
observed from Figure 3 that after 24 h the wound area is filled
with 17.40+4.03% of untreated control cells, while the treatment
with compound 5ab in 0.1 pm and 0.25 pm concentration
depicted significant inhibition of cell migration with 10.48+6.43%,
5.55+1.83% cells respectively in the wounded area. While in 0.5
pM and CA4 there was no migration observed. From the above
findings, it can be scrutinized that the compound inhibited cell
migration in a dose dependent manner.

Apoptosis detection studies

The human cancerous cell have the capability to escape the
apoptosis or programmed cell death for cell survival and
contribute for the tumor progression, invasion and drug
resistance; therefore most of the anticancer drugs strive for
regenerating apoptosis in the cancer cells which is now
considered as an attractive strategy in cancer therapy.
Therefore, we considered to evaluate the apoptosis inducing
effect of compound 5ab on A549 cell lines using CA4 as a
positive control by using staining studies such as AO, DAPI,
Annexin-V propidium and JC-1 assay.

This article is protected by copyright. All rights reserved.
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Table 1. 1ICss (UM In vitro cytotoxic activity (ICso in pM)[a] of combretastatin A4 linked sulfonyl piperazine hybrids 5a-ad
Compound A549") B16F10 MDA MB-2311% HCT-151 MCF-711 HaCaT!¥
5a >30 >30 >30 >30 >30 -
5b >30 >30 >30 >30 >30 -
5¢c >30 >30 >30 >30 18.20£1.37 -
5d 15.46+4.17 7.50%0.85 17.43+1.25 >30 29.72+4.53 -
5e >30 >30 >30 >30 >30 9
5f 24.71£0.51 11.108+0.37 5.49+0.65 >30 3.700.81 -
59 >30 >30 >30 >30 >30 -
5h 6.38+2.77 4.11+0.96 1.83+0.47 >30 >30 -
5i >30 >30 >30 >30 >30 -
5j 15.93+2.81 7.36+1.51 6.46+1.17 3.27+2.13 24.68+5.16 -
5k >30 >30 >30 >30 >30 -
5l 6.38+2.77 3.96+1.29 14.33+2.45 >30 2.2340.23 -
5m >30 >30 >30 >30 >30 -
5n >30 >30 >30 >30 18.94+1.822 -
50 >30 >30 6.3620.78 3.25+0.80 >30 -
5p >30 >30 >30 >30 >30 -
5q >30 >30 >30 >30 >30 -
5r >30 >30 >30 >30 >30 -
5s >30 >30 >30 >30 >30 -
5t 8.44+0.80 1.01+0.07 4.20+1.08 17.07+1.32 18.87+0.85 -
5u 18.16+1.04 >30 4.50+0.27 4.10+0.95 >30 -
5v >30 >30 >30 >30 >30 -
5w >30 >30 >30 >30 >30 -
5x >30 >30 >30 >30 >30 -
sy >30 >30 >30 >30 >30 -
5z 2.66+0.26 5.4243.83 2.23+0.14 >30 0.78+0.06 -
Saa 0.72+0.20 2.14+0.16 2.52+1.19 6.20+2.19 >30 -
5ab 0.360.02 1.75+0.44 2.16+0.83 7.05+3.36 4.08+1.10 0.92+0.01
5ac >30 >30 >30 >30 >30 -
5ad >30 >30 >30 >30 >30 -
CA-4 M 0.43+0.16 0.03+0.00 0.79+0.21 1.92+0.92 2.1240.21 0.63+0.17

[a] 50% Inhibitory concentration after 48 h of drug treatment and the values are average of three individual experiments. [b] Human lung cancer cells, [c] Mouse
Skin cancer cells, [d] Human Breast cancer cells [e] Human colon cancer cells, [f] Human Breast cancer cells, [g] Human keratinocyte, [h] Combretastatin A-4 =
CA-4. All the values are expressed as Mean + SEM in which each treatment was performed in triplicate wells.
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Figure 3. (A) Images of scratch wound assay (at magnification 100X). After reaching near confluency, monolayer was scratched and treated with the compound
5ab and CA4 for 24 h. Respective images were taken at 0 and 24 h. (B) Represents % wound closure. Data presented were mean +SEM of similar three

independent experiments ****p<0.0001 versus control at 24 h

Phase contrast imaging

To examine whether the treatment with the compound 5ab could
lead to loss of cell viability and induce apoptosis, after 48 h of
treatment with compound at variable concentrations (0.1, 0.25,
0.5 and CA4 (1 uwm), the cells were observed for the
morphological changes under phase contrast microscope.!?
From the Figure 4, it is evident that increasing the compound
concentration has led to significant cell death in comparison to
the positive control (CA4). Apart from viability, compounds
induced apoptosis related morphological changes like cell
blebbing and condensation of nucleus. This signifies that the
compound 5ab induced typical morphological changes in A549
lung cancer cells.

Control

Figure 4. Phase contrast imaging of A549 cells after treatment with compound
5ab.and CA-4. Images were taken after 48 h treatment and observed under
phase contrast microscope at magnification of 200X.

Acridine orange staining

Acridine orange is a stain technique which enables to identify
the apoptotic cells 8. This assay demonstrates on the principle
that acridine orange can penetrate the live cells by which they
appear healthy with dark green color fluorescence. Herein, upon
treatment of compound 5ab and CA4, various apoptotic phase
cells were identified by this staining. From the Figure 5, it depicts
that at the lowest concentration of 0.1 pm, the cells have least
apoptotic activity and with increasing the concentration we
observed membrane blebbing, destructive fragmentation and

irregular distribution of chromatin in analogous with CA4 as
indicated in Figure 5.

Figure 5. Representative images of AO staining in A549 cells. Cells were
treated with compound 5ab at concentrations of 0.1, 0.25, 0.5 um and CA4 (1
um) for 48 h. The images were captured with a fluorescence microscope at
200X magnification

DAPI staining assay

DAPI diffuses easily into disrupted cell membrane rather than
intact cell membrane " Therefore, stained cells showed less
intensity than normal cells. From the results, it is clear that
compound 5ab in comparison to standard (CA4) induced
massive nuclear damage with increasing concentration of
treatment. It can be observed that a bright condensed and
fragmented nucleus is identified by the DAPI staining and is a
clear indication of apoptosis. Furthermore, margination of
nucleus due to which horseshoe shaped structure was also
observed as shown in Figure 6.

Annexin V/ Pl dual binding assay

Various events are reported in cell changes during the apoptosis,
which includes fragmentation of the nucleus, chromosomal DNA
and chromatin condensation. Along with this externalization of
phosphatidyl serine is also considered as one of the
characteristic feature of cell undergoing apoptosis. Therefore to
evaluate this, Annexin V-PI staining technique was performed on
A549 cells with compound 5ab at different concentrations (0.1,

This article is protected by copyright. All rights reserved.
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0.25 and 0.5 pm), CA4 and compared with untreated cells for
about 48 h. As shown in Figure 7, the compound 5ab and CA4
caused increase in the percentage of apoptotic cells with
11.67%, 16.77%, 35.55%, and 16.88% respectively. This
suggests that compound 5ab inhibited cell proliferation by
inducing apoptosis in A549 cells in a dose dependent manner.

[] D

DD

Figure 6. Representative images of DAPI staining in A549 cells. Cells were

treated with compound 5ab at concentrations of 0.1, 0.25, 0.5 pm and CA4 for
48 h. The images were captured with a fluorescence microscope at 200X
magnification
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Figure 7. Cells were treated with 0.1, 0.25 and 0.5 pm concentration of
compound 5ab and CA4 for 48 h and stained with Annexin V and PI. Cells
were then washed with PBS and dispersed in PBS until analysis by Flow
cytometer (BD FACSVerse™, USA). 10,000 events were analyzed by the
instruments.

Measurement of Mitochondrial Membrane Potential

Health of mitochondria is crucial for the normal physiology of
cells by which it preserves the bioenergetics functions. This can
be represented by means of mitochondrial membrane potential
(mWA). Alteration in this potential is an indication of early events
that occur during the apoptotic process. To evaluate the health
status of cancerous cells in terms of apoptosis upon treatment
with compound 5ab, tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) mWA assay was performed “&. This assay works
on the principle that JC-1 a cationic dye binds dominantly to the
J monomers formed during hyperpolarisation in the cells

10.1002/cmdc.201900541
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(generally occurs in ill stated cells/apoptotic cells) and emits
fluorescence at 590+17.5 nm. However, normal healthy cells
contain more J aggregates and less monomers due to which
JC-1 dye couldn’t bind and emits fluorescence at 53015 nm.
Flow cytometry analysis of A549 cells after treatment with
compound 5ab revealed that the compound has disrupted the
mWA in contrast to control cells. The mWA is represented in
terms of P1 (normal mWA) and P2 (altered mWA) populations in
Figure 8. When total of 10,000 cells were analyzed for this assay,
compound 5ab increased the P2 (J monomers) population from
36.62 to 69.88% in comparison to control. Followed by this, on
comparison with a positive control, the compound 5ab at 0.25
pM, was found to be on par with the standard CA-4.

Control 01 pM 0.25 M

P1:62.47
P1:79.22 P2:36.62

P2:20.44

P1:52.31
P2:46.67

0.5uM cad

P1:30.69
P2:69.88

P1:50.99
P2:4818

e

Figure 8. Image representing ratio of J aggregates (P1l-red colour) to J
monomers (P2-purple colour). Fluorescence of JC-1 was analyzed using Flow
cytometer (BD FACSVerse™, USA). Here 10,000 events were calculated for
the analysis.

Cell cycle analysis

To further study whether the compound 5ab could arrest the
process of mitosis, cell cycle distribution of A549 cells was
assessed using well studied PI staining procedure. The cells
were treated with different concentrations (0.5 and 1 pm) of
compound 5ab for 24 h, after which cell cycle distribution was
analyzed through flow cytometry %, The results revealed that
the treatment with compound 5ab resulted with significant
accumulation of A549 cells in G2/M phase from 25.44% to
65.44% when compared with control in a dose dependent
manner. From the Figure 9, it can be inferred that the compound

5ab arrested the lung cancer cells in G2/M phase.

ORI

- Control 0.5uM 1M

'y . SUBGI: 2.84 SUB G1:4.63 SUB G1: 3.03
GO/G1: 50.46 G0/G1:8.56 GO0/G1:9.85
S: 48 $:6.03 §:6.72
G2/M: 2544 G2/M:60.41 G2/M :65.44

Figure 9. Effect of compound 5ab on the progression of cell cycle in A549
cells treated at concentrations of 0.5 and 1 um and compared with control.
After 24 h of treatment time, the cells cycle profile was performed by using
propidium iodide staining method and analyzed by Flow cytometry analysis
(BD FACSVerse™, USA analysis). The percentages of G1, S and G2/M phase
cells were calculated from the DNA content histograms.
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Tubulin polymerization inhibition

The antimitotic effect of combretastatin A4 is due to inhibition of
the function of microtubules. CA-4 binds to tubulin at the
colchicine binding site. It binds to tubulin heterodimer leads to
disruption and consequently causing inhibition of its
polymerization into microtubules. This further causes formation

of irregular mitotic spindles and metaphase arrest of mitotic cells.

Colchicine is known to be toxic and has few therapeutic uses but
the binding of CA-4 to the colchicine site of tubulin has shown
potent cytotoxicity against cancer cells ®%. Furthermore, the
newly synthesized scaffolds mimics the CA-4 structurally, in this
context, to investigate the correlation between cytotoxicity of
these compounds and tubulin, compound 5ab was examined for
its effect on tubulin polymerization in a cell-free in vitro assay Y,
Paclitaxel and CA-4 were chosen as positive control where
Paclitaxel being the tubulin enhancer and CA-4 as tubulin
inhibitor. Tubulin polymerization was monitored by the increase
in fluorescence at 360 nm (excitation) and 440 nm (emission) for
1 h at 37 °C. The compounds were included at a final
concentration of 1.25, 2.5, 5.0 and 10.0 pum respectively. The
experiment was performed in duplicates. The % inhibition of
Compound 5ab screened at 10 um was found to be 50%. As
illustrated in Figure 10, 5ab efficiently inhibited tubulin
polymerization in a dose-dependent manner with I1Cs, value of
5.24+0.06 pm.
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Figure 10. Effect of compound 5ab on tubulin polymerization inhibition. Data
presented were mean +SEM of three similar independent experiments.
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Molecular docking study

To further reveal the mode of binding with the tubulin, the potent
compound 5ab was docked into the combretastatin-binding site
of tubulin protein (PDB ID: 5LYJ) ®? ocated at the interface of q,
B-subunits. Molecular docking studies were performed by using
GLIDE docking module of Schrédinger suite 2017-1%%. The best
docked pose of ligand 5ab was well accommodated in the
combretastatin binding pocket between a,B3-subunits and has
been represented in Figure 11 (A). The most active compound
5ab exhibited two strong hydrogen-bonding interactions with the
active residues. The 4-methoxy phenyl of 5ab displayed
hydrogen bond interactions with the hydroxyl group of Tyr202
(C-0O...H-0) and the carbonyl oxygen and piperazine entity
displays hydrogen-bonding with amine of Asp251 (C-O...H-N)
as represented in Figure 11 (B). The piperazine moiety acts as
linker that holds the sulfonyl phenyl moiety towards a-chain of
the active pocket. Further, several hydrophobic interactions were
observed for the piperazine and sulfonyl phenyl of ligand 5ab
with amino acid residues of a-chain Ala 180, Val 181 and B-
chain residues such as Leu248, Ala250, Leu252, Leu255, and
Met259. The combretastatin moiety of the compound 5ab
extend into the active pocket on B-chain and is surrounded by
Tyr202, Phel69, Val238, Cys241, Leu242, Phe268, Val315,
Ala316, Ala317, 11318, Phe377 and Ile378 amino acid residues.
The superimposition of the co-crystallized ligand and active
ligand 5ab was further established for the correlation of docking
study with the in vitro tubulin assay and has been represented in
Figure 11 (C). From the results, it was observed that the hydroxy
phenyl group of co-crystal was superimposed with the sulfonyl
phenyl of the ligand 5ab and the cis oriented double bond of co-
crystal gets superimposed with the amide bond of piperazine
linker. However, the ligand 5ab was well accommodated in the
active pocket with good hydrogen bonds and numerous
hydrophobic interactions with different amino acid residues, yet
there lies a slight deviation by lacking the hydrogen bond
interaction with Thr179 residue, which was actually observed in
the co-crystal, which therefore, accounts for the weak inhibition
of tubulin polymerization than CA4.

Figure 11. A) Compound 5ab docked into the interface between a,B-subunits

of tubulin protein (PDB ID: 5LYJ). Green color: a-subunit, Cyan color: B-
subunit, Ligand is represented in magenta with ball and stick model. B)
Hydrogen bond interactions of the ligand 5ab with amino acid residues Tyr202
and Asp251; Ligand is represented in magenta and hydrogen bond
interactions are denoted in yellow color. C) Superimposition of co-crystallized
ligand (green) and best docked pose of ligand 5ab (magenta) in the
combretastatin binding site of a/B-tubulin interface (PDB ID: 5LYJ).
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Conclusion

In conclusion, we have synthesized a series of new
combretastatin A-4 linked sulfonyl piperazine hybrids 5a—ad and
further evaluated for their in vitro antiproliferative activity on a
panel of human cancer cell lines. This in vitro screening
outcome signifies that the most active compound 5ab displayed
extensive range of activity on all the tested cancer cell lines with
ICso value of 0.36+0.02 um on A549 cells. The flow cytometric
analysis indicated the cell cycle arrest in A549 cells at G2/M
phase. In addition, the compound 5ab efficiently inhibited tubulin
polymerization with ICsy value of 5.24+0.06 pum and in silico
studies also declared that the compound 5ab binds at the
colchicine binding site of the tubulin. Furthermore, the
compound 5ab showed apoptotic changes by decreasing the
viable cells as in case of AO and DAPI staining assays. The
other studies such as JC-1, Annexin-V, cell migration/scratch
wound assay and phase contrast imaging, the compound 5ab
revealed the dose dependant inhibition by inducing apoptosis
and mitochondrial damage that gave insights about cell
migration and cell viability. Finally, the new series of compounds
are potent to be proceeded as microtubule targeting cytotoxic
agents in treating cancer.

Supporting information

Synthetic procedures, experimental details, spectral information
(*H and *C spectra) and biological evaluation are found in the
supporting information of this article.
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5ab: IC5, = 0.36+0.02 uM on A549 cell line :'>
G2/M phase cell cycle arrest

Apoptosis

Loss of MMP

A series of CA4 linked sulfonyl piperazine derivatives via molecular hybridization were synthesized. The compound 5ab was found as
the active member by its in vitro cytotoxicity and exhibited potent tubulin polymerization inhibition.
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