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Abstract: A novel class of noscapine derivatives known as 9-arylimino noscapinoids was designed by
substituting arylimino groups (Schiff bases) at the C-9 position. These molecules were docked with af-
tubulin complex and a panel of three top scoring molecules, 4-6 based on docking score were screened out.
These molecules bind tubulin with robust predicted binding energy of -37.24 kcal/mol and -45.41 kcal/mol
for 4, -39.73 kcal/mol and -47.74 kcal/mol for 5, and -43.62 kcal/mol and -49.72 kcal/mol for 6 respectively
compared to noscapine (-34.47 kcal/mol and -40.27 kcal/mol) using molecular mechanics/Poisson-Boltzmann
surface area (MM/PBSA) and molecular mechanics/generalized Born surface area (MM/GBSA). These three
molecules were chemically synthesized and demonstrated experimentally to bind tubulin with high affinity
compared to noscapine. The anti-proliferative activity of 4-6 revealed inhibitory concentration (IC,, value)
in between 3.6 to 32.6 uM using MCF-7 and MDA-MB-231 human breast cancer cell lines and a group of
primary breast tumor cells. All three molecules were shown to inhibit the mitotic progression at the G2/M
phase and induce apoptosis to cancer cells at a different level. Thus, we conclude that 9-arylimino noscapinoids
4-6 have tremendous potential as chemotherapeutic agents for the treatment of breast cancer.

Keywords: 9-arylimino noscapinoids; Anticancer agents; Breast cancer; Molecular docking; Noscapine;
Tubulin targeting.

Introduction

Microtubule-interacting drugs, for example,
taxols and vinca alkaloids have been used in the
clinic for the treatment of various malignancies.
However, these drugs are known to cause severe
dose-dependent toxicities in patients such
as peripheral neuropathy, systemic toxicity,
and allergic reactions '2. More importantly,
patients are developing resistance against

taxol. Thus, the wonderful promise of taxol in
managing breast cancers justifies further efforts
to discover novel mitotic inhibitors. Better yet,
it would be additionally useful if other novel
anti-mitotic agents have fewer side effects and
are easily administered. In a quest of finding
such compounds, the natural compounds were
screened and noscapine (an opium alkaloid
that is in the clinic as a safe anti-tussive drug)
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was discovered 3. It was shown to bind tubulin,
without interfering with the tubulin organization
(monomer/polymer ratio) * It was found to
kill cancer cells of different tissue origins,
including those that are resistant to conventional
chemotherapeutics. It doesn’t show any severe
side effects among volunteers °. It was found
to regress the volume of the implanted tumor to
a fair degree in xenograft breast cancer animal
models at a high dosage of 600 mg/kg.

From an ongoing quest to improve our
therapeutic arsenal, we have developed a battery
of derivatives by modification of its scaffolds and
demonstrated to have high tubulin binding and
anti-tumor activity compared to noscapine without
any debilitating toxicities ®%. While several
synthesized derivatives of noscapinoids showed
promising in vitro activity against breast tumor
cell lines, the antiproliferative activity comes to
be in higher concentration. Therefore, there is
an urgent need to take up further optimization of
noscapine towards the development of novel and
more promising derivatives.

In a quest of developing new derivatives
with better anticancer activity, we appeal to
developing 9-arylimino congeners of noscapine
by substituting arylimino groups at the C-9
position of the noscapine scaffold. The promising
analogues were then chemically synthesized and
their anticancer activity was evaluated using
two human breast cancer cell lines (MCF-7 and
MDA-MB-231). The 9-arylimino derivatives of
noscapine were found to bind tubulin heterodimer

Schiff base
Pharmacophore

Natural noscapine 1

with enhanced binding affinity, efficiently
suppress cancer cell growth, successfully trigger
cancer cell apoptosis by the arrest of cancer cells
at the G2/M phase.

Materials and methods

Refinement of the crystal structure of tubulin
The co-complex structure of tubulin-amino
noscapine was downloaded from the PDB data
bank (PDB ID: 6Y6D). This structure of tubulin
was obtained at a higher resolution of 2.20 A
through X-ray crystallography °. The structure
was visualized using Maestro (Schrodinger
software package) and the tubulin heterodimer
consisting of a- and B- tubulin was prepared
based on the multistep procedure of the protein
preparation wizard (Schrodinger software
package).

Design of 9-arylimino congeners of noscapine
Based on in silico combinatorial approach
9-arylimino congeners of noscapine were
designed by hybridizing with arylimino groups
(Schiff bases) as depicted in Fig. 1 and a library
of 17 compounds was developed (supplementary
information S1). It was reported previously that
Schiff base analogs have impressive anticancer
activity. As an example, Schiff bases from
coumarin and pyrazole aldehyde have been
tested against cancer cell lines that showed mild
anticancer activities '°. Furthermore, mono and
bis-Schiff bases have been reported efficacious
against five cancer cell lines ',

e

S

(N

Variable substutuent to
tune anticancar activity

H,CO

9-Imino-noscapine (schiff

base) with improvad activity

Figure 1. Strategic development of 9-arylimino noscapinoids by hybridizing
Schiff base at C-9 position of the isoquinoline ring system of noscapine
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Preparation of ligands and optimization

We have built the molecular structures of
9-arylimino derivatives of noscapine (Fig. 1)
using ISIS draw and converted them into 3D
structures using Chemsketch. Macromodel
(Schrodinger software package and OPLS 2005
force field was used for energy minimization
of build structures using PRCG algorithm. A
simulation of 1000 steps and an energy gradient
of 0.001 were used for energy minimization.
The molecules were also geometrically refined
using Jaguar (version 17.4, Schrodinger, LLC)
with a basis set of 3-21G* 2using Becke's three-
parameter exchange potential and the Lee-Yang-
Parr correlation functional (B3LYP) . Ligprep
(Schrodinger software package) was used to
generate ionization states at physiological
pH, generation of possible tautomers, and
minimization of the ring conformations for each
molecule.

Molecular docking

The docking protocol used was validated by
the superimposition of the crystal structure
of amino-noscapine with its docked structure
and calculating the root mean square deviation
(RMSD) between them. The RMSD value of
0.806 between crystal structure and docked
structure validated the docking protocol. After
validating the docking protocol the library of
9-arylimino derivatives of noscapine designed
above was docked onto the noscapinoids binding
site ? located at a- and B- tubulin interface. The

Br E

-] F

noscapinoids binding site was selected based
on the co-crystal structure of tubulin and one of
the derivatives of noscapine “amino-noscapine”
(PDB ID: 6Y6D) °. Further, the binding site
was specified by generating two grid boxes as
described earlier ¥ by selecting the co-crystal
ligand, amino-noscapine using the Glide Grid
generation programme. The molecules were
docked using Glide-XP algorithm '* (Schrodinger
software package) and evaluated using Glide
XP,_ . function " with similar parameters set up
as mentioned earlier 4. All the molecules in the
library were sorted based on their docking score
(supplementary information S2) and finally
the best three molecules 4-6 (Fig. 2) based on
their docking score were selected for chemical
synthesis and experimental evaluation to confirm
their anticancer potential.

Molecular dynamics simulations

The docked complexes of tubulin and 9-arylimino
noscapinoids, 4-6 in the presence of GTP,
GDP and magnesium were used for molecular
dynamics simulation using GROMACS 2019.2
package. The parameter files for tubulin and the
ligands were generated as mentioned earlier '.
Topologies for ligands were generated using tleap
program of Amberl8 and ACPYPE software.
TIP3P water model with dissolved counter ions
were added to neutralize the system. The energy
minimization and molecular dynamic simulation
of the system for 100 ns with a time step of 2
fs were performed with the similar parameters

Br

Figure 2. Molecular structure of three top ranked 9-arylimino noscapinoids,
4-6 screened out from the library based on the docking score
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set up as mentioned earlier '*. Gromacs tools
were used to analyze trajectories for root mean
square deviation (RMSD) and root mean square
fluctuation (RMSF). All plots were generated
using GRACE software.

Prediction of binding free energy using MM-
PBSA and MM-GBSA technique

The MM/PBSA and MM/GBSA methods '"'8
were used for predicting the binding free energy
(AG,, dpre ) of 9-arylimino noscapinoids, 4-6
with tubulin using AMBER 16.0. We have used
both approaches because many studies have
compared the accuracy of MM/PBSA and MM/
GBSA, indicating better results for MM/PBSA
1920 Tt was also found that MM/PBSA results
are worse 2! or equally good ?* compared to
MM/GBSA depending on the studied systems.
From the last 10 ns of the MD trajectory, 500
snapshots of the structure were collected at an
interval of 20 ps to determine AG, dpred of the
molecules.

General procedure for chemical synthesis of
9-arylimino noscapinoids, 4-6

Amino-noscapine 3 was synthesized from the
natural a-noscapine as reported earlier 8. Form

the amino-noscapine, the selected 9-arylimino
noscapinoids 4-6 were synthesized as per the
synthetic scheme (Fig. 3) as mentioned earlier
16, Structural elucidation of intermediates and
final products 4-6 were performed using NMR
(H and *C), IR spectroscopy and mass (HRMS)
spectrometry  techniques  (Supplementary
information S3-S13). The final products were
purified through HPLC using C18 column
(acetonitrile: water, 90:10) and were >96.5%
pure.

Structural characterization of 9-arylimino
noscapinoids, 4-6
(S)-3-((R)-9-((E)-((5-bromothiophen-2-yl)
methylene)amino)-4-methoxy-6-methyl-
5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]
isoquinolin-5-yl)-6,7dimethoxyisobenzofuran-
1(3H)-one (4)

Yield: 82%. Nature: White solid. Mp. 94-
96°C. IR (KBr): 3448, 2929, 1758, 1623, 1497,
1424, 1381, 1267, 1209, 1121, 1035, 970, 887,
795, 736, 696, 501 cm. 'H NMR (500 MHz,
CDCI,): 6 8.88 (s, 1H, N=CH), 7.14 (d, J = 3.8
Hz, 1H, Ar-H), 7.07 (d, J = 3.8 Hz, 1H, Ar-H),
7.01 (d, J=8.2 Hz, 1H, Ar-H), 6.36 (d, /= 8.2
Hz, 1H, Ar-H), 5.98 (dd, J = 1.3, 16.0 Hz, 2H,

Figure 3. General chemical reaction for chemical synthesis of 9-arylimino noscapinoids 4-6,
rationally design in the study. Reaction conditions: (i) 48% HBr, Br,-water, rt, 2h
(ii) Cul, NaN,, L-Proline, DMF, 140°C, 4h, (iii) RCHO, EtOH, Reflux, 24h
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0-CH2-0), 5.55 (d, J = 4.5 Hz, 1H, Ar-CH,
(C3-phthalide)), 4.36 (d,/=4.5 Hz, 1H, Ar-CH,
(C5’-isoquinoline)), 4.10 (s, 3H, -OCH3), 4.02
(s, 3H, -OCH3), 3.86 (s, 3H, -OCH3), 2.98-2.91
(m, 1H, -CHH-N-CH3 (C7’-isoquinoline)),
2.75-2.69 (m, 1H, -CHH-N-CH3 (C7’-
isoquinoline)), 2.53 (s, 3H, N-CH3), 2.44-2.38
(m, 1H, Ar-CHH (C8’- isoquinoline)), 2.08-
2.01 (m, 1H, Ar-CHH (C8’- isoquinoline)). 1*C
NMR (100 MHz, CDC13): 6 168.0, 152.0, 147 .4,
145.5,140.7, 137.1, 135.3, 134.8, 129.4, 125.3,
122.9,120.9, 119.9, 117.9, 117.7, 110.8, 100.6,
81.7, 62.1, 60.7, 59.6, 56.7, 49.1, 45.9, 22.3.
MS (ESI-MS) m/z: 603 [M+H]+ HRMS (ESI):
Caled for C, H,BrN,O,S[M+H]+: 603.06116,

277726

found: 603.06173.

(S)-3-((R)-9-((E)-(2,5-difluorobenzylidene)
amino)-4-methoxy-6-methyl-5,6,7,8
tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-5-
yD)-6,7-dimethoxyisobenzofuran-1(3H)-one (5)
Yield: 74%. Nature: White solid. mp: 145-147°C.
IR (KBr): 33571, 2944, 2793, 1762, 1628, 1491,
1428, 1387, 1272, 1142, 1043, 965, 813, 725
cm. "H NMR (400 MHz, CDCL,): 6 9.13 (d, J=
2.4 Hz, 1H, N=CH), 7.87-7.81 (m, 1H, Ar-H),
7.14-7.07 (m, 2H, Ar-H), 7.00 (d, /= 8.3 Hz, 1H,
Ar-H), 6.33 (d, J = 8.3 Hz, 1H, Ar-H), 6.02 (dd,
J =13, 15.6 Hz, 2H, O-CH2-0), 5.57 (d, J =
4.4 Hz, 1H, Ar-CH, (C3-phthalide)), 4.39 (d, J
= 4.4 Hz, 1H, Ar-CH, (C5’-isoquinoline)), 4.10
(s, 3H, -OCH3), 4.04 (s, 3H, -OCH3), 3.86 (s,
3H, -OCH3), 3.05-2.95 (m, 1H, -CHH-N-CH3
(C7’-isoquinoline)), 2.77-2.69 (m, 1H, -CHH-
N-CH3 (C7’-isoquinoline)), 2.55 (s, 3H, NCH3),
2.46-2.37 (m, 1H, Ar-CHH (C8’-isoquinoline)),
2.11-2.00 (m, 1H, Ar-CHH (C8’-isoquinoline)).
B“C NMR (125 MHz, CDCL): & 168.0, 159.8
(d, JC-F = 31.7 Hz), 157.9(d, JC-F= 38.1 Hz),
153.2, 152.1, 147.6, 141.3, 139.47, 139.43,
134.4, 129.8, 126.1 (dd, JC-F = 8.1, 11.8 Hz),
124.9, 119.8, 119.1 (dd, JC-F = 9.0, 25.4 Hz),
117.8, 117.6, 117.1 (dd, JC-F = 8.1, 23.6 Hz),
112.9 (dd, JC-F = 2.7, 25.4 Hz), 101.1, 81.7,
62.2,60.8,59.5,56.7,49.3, 45.8, 22.8. MS (ESI-
MS) m/z: 553 [M+H]+ HRMS (ESI): Calcd
for C_ H _FN.O. [M+H]+: 553.17808, found:

207727020 277

553.17669.

(S)-3-((R)-9-((E)-(4-bromobenzylidene)
amino)-4-methoxy-6-methyl-5,6,7,8-
tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-5-
yD)-6,7-dimethoxyisobenzofuran-1(3H)-one (6)
Yield: 76%. Nature: White solid. mp: 93-95°C.
IR (KBr): 3449, 2936, 2795, 1758, 1626, 1494,
1383, 1267, 1124, 1034, 970, 821 cm-1. '"H NMR
(500 MHz, CDCL,): 6 8.84 (s, 1H, N=CH), 7.76
(d,/=8.5Hz,2H, Ar-H), 7.58 (d, /= 8.5 Hz, 2H,
Ar-H), 6.99 (d, /= 8.3 Hz, 1H, Ar-H), 6.34 (d, J
= 8.3 Hz, 1H, Ar-H), 5.99 (dd, /= 1.3, 14.9 Hz,
2H, O-CH2-0), 5.57 (d, J= 4.4 Hz, 1H, Ar-CH,
(C3-phthalide)), 4.38 (d, /= 4.4 Hz, 1H, Ar-CH,
(C5’-isoquinoline)), 4.10 (s, 3H, -OCH3), 4.03
(s, 3H, -OCH3), 3.85 (s, 3H, -OCH3), 3.04-2.93
(m, 1H, -CHH-N-CH3 (C7’-isoquinoline)), 2.75-
2.68 (m, 1H, -CHH-N-CH3 (C7’-isoquinoline)),
2.54 (s, 3H, NCH3), 2.46-2.37 (m, 1H, Ar-CHH
(C8’-isoquinoline)), 2.10-2.00 (m, IH, Ar-
CHH (C8’-isoquinoline)). *C NMR (100 MHz,
CDCI3): 6 168.1, 160.1, 152.1, 147.6, 141.4,
139.2, 139.0, 135.9, 134.5, 131.8, 129.6, 129.3,
125.4, 125.2, 119.8, 118.3, 117.8, 117.6, 100.9,
81.7, 62.2,60.9, 59.5, 56.7,49.3,45.8, 22.7. MS
(ESI-MS) m/z: 595 [M+H]+ HRMS (ESI): Calcd
for C,,H,.BrN.O, [M+H]+: 595.10744, found:

297728

595.10635.

Cell culture and reagents

The human breast cancer cell lines, MCF-7 and
MDA-MB-231 were acquired from the Institute
of Life Science, Bhubaneswar, India. The
normal human embryonic kidney cell (293T)
(passage number 12) was obtained from Dr.
S.K. Singh, King George’s Medical University,
Lucknow, India. Stock solution (100 mM) of
9-arylimino noscapinoids, 4-6 were prepared
with 1% dimethyl sulfoxide (DMSO). The cells
were grown in a 5% CO, and 95% humidity in
Dulbecco's modified Eagle medium (DMEM) at
a temperature of 37°C, supplemented with 10 %
fetal bovine serum (FBS) and antibiotics. Cells
with a 70-80 % confluence were subcultured for
bioassays using trypsin-EDTA (0.25 %).

Cellular proliferation assay
The cell proliferation assay was performed
using two human breast cancer cell lines MCF-
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7 and MDA-MB-231 as well as a normal human
embryonic kidney cell (293T) as described
previously '6. Briefly, the cells were seeded at a
density of 5x10° cells per well in 96-well plates. The
cells were treated with 5 to 100 uM of noscapine
and 9-arylimino noscapinoids, 4-6. After 72h of
treatment, the viability of the cell was checked
by sulforhodamine B assay. The plate was read at
a wavelength of 564 nm using a SPECTRAmax
PLUS 384 microplate spectrophotometer.
Fifty percent inhibitory concentration (IC,) of
molecules was determined using the online tool
Quest GraphTM IC, Calculator (AAT Bioquest,
Inc., Sunnyvale, CA, USA, https://www.aatbio.
com/tools/ic50-calculator).

Cell cycle progression assay

The progression in the mitotic cell cycle with the
treatment of 9-arylimino noscapinoids, 4-6 was
performed as reported earlier . Briefly, MDA-
MB-231 cells were seeded at a density of 1x103
in a 6-well culture plate overnight and were
treated with IC,  concentration of noscapine
(51.6 uM) and 9-arylimino noscapinoids, 4-6
(32.6, 15.4 and 7.7 uM respectively). After 72
h of treatment, cells were analyzed using flow
cytometry (BD FACS Aria-IIl) to estimate the
percentage of cells in the different stages of the
cell cycle.

Apoptosis assay

Induction of apoptosis was performed as
described earlier ?. The breast cancer cells,
MDA-MB-231 (3x10*) were seeded on 12 well
culture plate and incubated for 24 h with a
complete medium. The cells were treated with
IC,, concentration of noscapine (51.6 uM) and
9-arylimino noscapinoids, 4-6 (32.6, 15.4 and
7.7 uM respectively) and were harvested at 72
h. The apoptotic cells were detected by using an
apoptosis detection kit based on the instruction
provided by the manufacture (Sigma-Aldrich,
USA) using flow cytometry (BD FACS Aria-III).
Viable cells (Annexin V- / PI'), early apoptotic
cells (Annexin V* / PI'), late apoptotic/necrotic
cells (Annexin V* / PI") and late necrotic cells
(Annexin V- / PI") were identified and determined
their percentage.

Extraction and purification of tubulin
Microtubule from the goat brain was isolated by
two cycles of temperature- and GTP-dependent
polymerization and depolymerization *. It was
then purified by phosphocellulose chromato-
graphy as reported earlier ** and the amount
of purified tubulin was estimated using the
Bradford method ?°. Aliquots were frozen in
liquid nitrogen and preserved at -80°C until
used.

Tryptophan quenching assay

A fluorescence quenching assay was performed to
determine the binding of a chemical onto tubulin
271t is because tubulin is autofluorescence in
nature due to the presence of several tryptophan
amino acids and it was reduced when a molecule
binds on it. Tubulin (2 uM) was treated with
9-arylimino noscapinoids 4-6 at a concentration
of 25 uM in PEM buffer (50 mM pipes, 3 mM
MgSO,, 1 mM EGTA, pH 6.8) in a water bath
(35°C; 45 min). They were then excited at 295
nm and the emission reading at 310-400 nm was
obtained. A FlouroMax® 4 spectrofluorometer
(Horiba Scientifc, Edison, NJ) supported by
FluorEssence 3.5 software was used for the
spectrofluorimetric titrations.

Results and discussion

Many derivatives of mnoscapine have been
developed to increase its therapeutic outcome
811272830 These derivatives were demonstrated
to bind tubulin, perturb cell-cycle progression,
inhibit cell proliferation and induce apoptosis in
a variety of cancer cells of different tissue origin
3!, The derivatives generated by modification of
the C-9 position on the isoquinoline ring system
of noscapine were shown to possess superior
activity 22, Based upon this momentum, we have
rationally designed a new series of derivatives
of noscapine by substituting arylimino groups
(Schiff bases) at C-9 position to examine their
anticancer potential.

Molecular dynamics simulation

The library composed of 9-arylimino derivatives
of noscapine was docked onto af-tubulin
heterodimer and ranked according to docking



Pratyush Pragyandipta et al. / Anal. Chem. Lett. 12 (1) 2022 pp 29 - 43

35

score. The top ranked three noscapinoids 4-6
(Fig. 2) having lowest docking scores ranging
from -4.219 to -5.135 kcal/mol in comparison
to noscapine (-3.586 kcal/mol) (Table 1) were
selected. The af-tubulin heterodimer bound
to molecules 4-6 were MD simulated for 100
ns. The system's stability during the period
of the simulation was monitored by the root
means square deviations (RMSD) of Co-
carbons (supplementary information S14). The
deviations in the RMSD plot were very small
after equilibration and were found to be stable
after 20 ns of simulation. Similarly, the root
mean square fluctuations (RMSF) of amino
acids in the bound form with ligands and in the
free form were not so much different (within the
range of 1 to 2.5 A) indicating that the residues
were more rigid (supplementary information

S15). The top 5 complex structures of tubulin and
9-arylimino noscapinoids, 4-6 having the lowest
total energy from the MD trajectory were used
to generate the average structure to elucidate
their binding mode. All the three 9-arylimino
noscapinoids accommodated well inside the
noscapinoids binding pocket (Fig. 4) between a-
and B- tubulin interface. Their interactions with
the binding site amino acids are shown in the
ligplot (Fig. 5). The 9-arylimino noscapinoid, 6
binds with 2 hydrogen bonds (represented by a
dashed line and the number indicated the bond
length) (Fig. 5c¢). In contrast, the 9-arylimino
noscapinoids, 4 and 5 revealed only 1 hydrogen
bond with the binding site residues (Fig. 5a,b).
Besides, hydrogen bonding, a good number of
hydrophobic interactions were involved in the
binding of 9-arylimino noscapinoids 4-6 with

Table 1a. Docking score, free energy of binding and its components (kcal/mol) for
the 9-arylimino noscapinoids with af tubulin dimer using MM-PBSA method

Energy components (kcal/mol) Noscapine 4 5 6

Glide XP__ -3.856 -4.219 -4.367 -5.135
AE -319.2 -326.5 -338.4 -344.3
AE -65.36 -73.62 -77.27 -79.37
AE -383.4 -389.7 -396.2 -409.3
AG .. -7.254 -8.128 -8.927 -9.154
AG,, 354.7 359.5 365.2 372.4
AG s 348.3 357.2 362.4 368.2
AG,, g 33.74 41.43 46.31 48.19
AGy, 45 -34.47 -37.24 -39.73 -43.62

Table 1b. Free energy of binding and its components (kcal/mol) for the 9-arylimino
noscapinoids with aff tubulin dimer using MM-GBSA method

Energy components (kcal/mol) Noscapine 4 5 6
AE -319.2 -326.5 -338.4 -344.3
AE -65.36 -73.62 -77.27 -79.37
AE_ -383.4 -389.7 -396.2 -409.3
- -7.254 -8.128 -8.927 -9.154
AG, 349.4 3513 347.5 364.3
AG_,, qp 341.7 344.6 347.4 358.7
AG,, g5 28.95 32.74 34.73 36.44
AGy, 465 -40.27 -45.41 -47.74 -49.72
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Figure 4. The newly designed 9-arylimino noscapinoids 4-6 are accomodated well
inside the binding site at the interface of a- and - tubulin. a-tubulin is represented
in blue colour and B-tubulin is represented in brown colour

binding site residues (Supplementary Table
S16-S19).

Theoretical binding affinity calculation

The binding affinity of all the three 9-arylimino
noscapinoids 4-6 was calculated using MM-
PBSA and MM-GBSA methods. All three
noscapinoids displayed stable interaction
throughout the simulation. Among them, the
9-arylimino noscapinoid 6 showed the best
binding affinity with the predicted free energy
of binding (4G,, dpre ) of -49.72 kcal/mol
followed by 5 with -47.74 kcal/mol and 4 with
-45.41 kcal/mol using the MM-PBSA method
(Table 1). Using the MM-GBSA method also,
9-arylimino noscapinoid 6 showed the highest
binding affinity with the value of-43.62 kcal/mol
followed by 5 with -39.73 kcal/mol and 4 with
-37.24 kcal/mol (Table 1). Overall, all the three
9-arylimino noscapinoids 4-6 revealed better
binding affinity compared to noscapine (-34.47
kcal/mol and -40.27 kcal/mol) respectively

using both MM-GBSA and MM-PBSA (Table
1). This could be attributed to the formation
of both hydrogen bonds and hydrophobic
interaction of 9-arylimino noscapinoids with
surrounding amino acids in the binding pocket.
A similar study has been performed earlier
for designing novel derivatives of noscapine
based on a combination approach of molecular
docking and MD simulation. A panel of three
different 9-arylimino noscapinoids has been
designed in silico. These noscapinoids were
predicted to have a better binding affinity with
tubulin based on molecular docking and LIE-
SGB predicted binding energy *. In contrast,
the three new 9-arylimino derivatives of
noscapine screened out in this study from the
library were predicted to have better binding
affinity compared to the previously reported
9-arylimino noscapinoids. A combination of
MD simulation and MM-PBSA method has
been used earlier to identify potential inhibitors
against targeted proteins 3*33
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Figure 5. The ligplot analysis showed the interaction of binding site amino acids with the 9-arylimino
noscapinoids 4-6 and noscapine. The binding site residues involved in the interactions are slightly
different mainly because of the variation in functional groups. The hydrogen bonds formed (if any)

are represented as dotted lines

Arylimino noscapinoids, 4-6 inhibits proli-
feration of MCF-7 and MDA-MB-231

The 9-arylimino noscapinoids, 4-6 inhibited
proliferation of MCF-7 and MDA-MB-231 cells
in a dose-dependent manner (supplementary
information S20). The 9-arylimino derivatives
of noscapine, 4-6 revealed promising anti-
proliferative activity compared to noscapine. The
IC,, value was 45.2 uM, 26.8 uM, 11.6 uM and
3.0 uM for noscapine, 4, 5 and 6, respectively
for MCF-7 cells (Table 2). In contrast, IC, value

of 51.6 uM, 32.6 uM, 15.4 uM and 7.7 uM was
measured for noscapine, 4, 5 and 6, respectively
for MDA-MB-231 cells. The differences in IC_
values obtained using MCF-7 (a triple positive
for receptor proteins) and MDA-MB-231 (a
triple negative for receptor proteins) cell lines
revealed that the anti-proliferative activity
for these 9-arylimino noscapinoids were cell-
type dependent. Further, the toxicity if any to
the normal healthy cells with the treatment of
noscapine and its 9-arylimino derivatives, 4-6
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Table 2. IC,, values of designed 9-arylimino noscapinoids, 4-6 using two human breast cancer
cell lines MCF-7 and MDA-MB-231 and a normal human embryonic kidney cells (293T)
The molecules screened out 4-6 have better anti-proliferative activity compared
to noscapine without any significant toxicity to normal healthy cells

IC,, (nM)
Noscapine 4 5 6
MCE-7 452443 26.8+£2.6 11.6+1.6 3.0+0.9
MDA-MB-231 51.6+4.7 32.6+£3.2 15.4+1.9 7.7+1.3
293T normal cell  212.5+£2.7 172.1+4.6 167.4+£3.9 152.5+4.8
2 Control 2 Noscapine 2 4 2 S T 6
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Figure 6. Analysis of apoptosis to MDA-MB-231 cells treated with noscapine and 9-arylimino
noscapinoids, 4-6 based on flow cytometry analysis. The cells were treated with IC, concentration
for 72 hours and compared with non-treated control cells. Annexin-V in combination with propidium
iodide (PI) were used to distinguish among 3 sub-populations of cells: PI- and AnnexinV- cells
indicates viable cells (Q3), PI- and Annexin V+ cells indicates early apoptotic cells (Q1), whereas
PI+ and Annexin V+ cells indicates late apoptotic cells (Q2)

was determined using normal human embryonic
kidney cells (293T). It was found that noscapine
and its 9-arylimino derivatives, 4-6 revealed <
5% cell killing to normal cells even at a high
concentration of 100 uM (supplementary
information 21), indicating that the molecules
are not affecting the normal cells and only
selectively inhibiting the proliferation of cancer
cells. In contrast, the 9-arylimino derivatives of
noscapine, 4-6 at relatively low concentrations
(5.0 uM) significantly stimulated proliferation
of 293T cells, while at higher concentrations
(100 uM) inhibited proliferation of 293T cells
(< 5%).

9-Arylimino noscapinoids, 4-6 induced
apoptosis to cancer cells

The apoptotic cells were easily quantified using
FACS analysis using fluorescent dyes, Annexin
V and propidium iodide. The percentage of early
apoptotic and late apoptotic cells using MDA-

MB-231 cell lines for the treatment of noscapine
and 9-arylimino noscapinoids, 4-6 with IC
concentration for 72 h were collated in Table
III. A representative figure of flow cytometry
analysis is shown in Fig. 6. After 72 h, the control
untreated cells contained only very few early
apoptotic (2.3%) and late apoptotic cells (1.2%),
which were considered as the background cell
death due to regular trauma during cell culture
(Table 3). In contrast, the percentage of early
apoptotic cells of 14%, 18%, 55%, and 20%;
late apoptotic cells of 31%, 40%, 12% and 20%
as well as necrotic cells of 1.1%, 2.3%, 3.4%
and 20% with treatments of noscapine and its
9-arylimino noscapinoids, 4-6, respectively
were found to be significantly high compared to
untreated cells (Table 3).

Inhibition of cell cycle progression
The inhibition in cell cycle progression with
the treatment of noscapine and 9-arylimino
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Table 3. Quantification of viable (Q3), early apoptotic (Q1), late apoptotic (Q2) and necrotic
(Q4) cells after treatment with noscapine and 9-arylimino noscapinoids, 4-6 by flow cytometry

Viability/Apoptotic Untreated Noscapine 4 5 6
Ql 2.3% 14% 18%  55%  20%
Q2 1.2% 31% 40% 12%  20%
Q3 93% 49% 40% 37%  24%
Q4 0.5% 1.1% 23% 34% 20%

[=]
0 50 100150 200 250 — 0 50 100 150 200 250

°0 30 100 150 200 250

© 0 50 100 150 200 250

= 0 50 100 150 200 250
PE-Texas Red-A (x1,000) PE-Texas Red-A (x1,000) PE-Texas Red-A (x1,000) PE-Texas Red-A (x1,000) PE-Texas Red-A (x1,000)

Figure 7. A representative figure of cell cycle distribution as determined by flow cytometry in
MDA-MB-231 cells treated with IC,, concentration of Noscapine and its 9-arylimino derivatives
4-6. The test compounds inhibit cell cycle progression at mitosis followed by the appearance of a
characteristic hypodiploid (sub-G1) DNA peak, indicative of apoptosis. P3: sub-G1 phase, P4: G1

phase, P5: S-phase and P6: G2/M phase

Table 4. Effect of noscapine and
its 9-arylimino noscapinoids, 4-6 on
cell cycle profile of MDAMB-231 cells
treated with IC_ concentration for 72 hour

72 hours
Sub-G, G/G, S G,/M
Control 0.7 20 22.4 7.2
Noscapine 4.9 17.5 15.1 15.5
4 7.5 13.8 10  28.1
5 8.9 14 8.2 34.7
6 10.8 25 10.0 39.7

noscapinoids, 4-6 at IC,, concentration using
MDA-MB-231 is represented in Fig. 7. The
amount of DNA accumulated in a cell with the
treatment of noscapinoids is detected by the
fluorescence dye, propidium iodide using flow
cytometer. The cells with 2N DNA are in the
G1 phase while with 4N DNA are in G2 and
M phases. DNA content in between 2N and 4N
peaks represents, the cells are in the S phase.
In contrast, less than 2N DNA indicates the

apoptotic cells in which the DNA is degraded to
different extents. Treatment of MDA-MB-231
cells with the 9-arylimino derivatives, 4-6 led
to inhibition of cell cycle progression in the
G2/M phase. There was a high accumulation of
cells in the G2/M phase compared to untreated
cells (Table 4). In contrast to the G2/M block,
a characteristic hypodiploid DNA content peak
(sub-G1) was seen to rise at 72 h of treatment,
indicating dying cells.

Tubulin binding assay

Intrinsic fluorescence of tubulin is primarily
due to the presence of aromatic amino acid,
tryptophan. It is measured by exciting at 295
nm. The decreased fluorescence intensity in
the presence of 9-arylimino noscapinoids, 4-6
suggests the binding of these compounds to
tubulin. The relative percentage of decrease in
fluorescence intensity was 10.92%, 16.42%,
23.28% and 31.64% in presence of 25 uM of
noscapine and its 9-arylimino noscapinoids, 4-6
respectively (Fig. 8), compared to control. These
9-arylimino noscapinoids revealed increased
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Figure 8. Treatment of Noscapine and its 9-arylimino derivatives, 4-6 with purified
tubulin showed quenching of the intrinsic tubulin fluorescence emission intensity
to different extents, indicating binding of these noscapinoids to tubulin

binding affinity with tubulin compared to
noscapine.

Conclusion

In conclusion, a new series of derivatives of
noscapine, 9-imine-noscapinoids was developed
in a quest of accelerating its anticancer activity.
This series of noscapine derivatives were
developed by substitution of arylimino groups
at C-9 position of noscapine scaffold by in
silico combinatorial approach. Through in silico
screening, three top ranked molecules were
finally screened out for chemical synthesis and
experimental evaluation of anticancer activity.
These 9-arylimino noscapinoids, 4-6 have shown
improved anti-proliferative activity to breast
cancer cells compared to noscapine. Therefore,
these derivatives may prove efficacious not only
in the treatment of breast cancer but also for
other types of cancers. Our results compel us to
continue to examine the effects of these novel
compounds on in vivo animal experiments with
the final goal of taking it to the human clinical
study.
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