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Abstract

Noscapine is a natural lead molecule with anticancer activity at a higher concentrations. So, there is an urge for the develop-
ment of more potent derivatives of noscapine. In this study, we have approached for development of 9-N-arylmethylamino
derivatives of noscapine that kills cancer cells without affecting the normal cells. They were designed by substituting N-aryl
methyl pharmacophore at the C-9 position and screened out top-ranked three derivatives 13a-c using molecular docking.
Further, their theoretical free energy of binding with tubulin was calculated followed by chemical synthesis and experimental
validation. In vitro antiproliferative activity of noscapine and its 9-N-arylmethylamino derivatives (13a-c) was carried out
using MCF-7 (a triple receptors positive) and MDA-MB-231 (a triple receptor negative) breast cancer cell lines. Further,
cytotoxicity to normal cells was examined using human embryonic kidney cells (HEK cells). Inhibition to cell cycle progres-
sion and induction of apoptosis was monitored using FACS. The binding of noscapine and 13a-c with tubulin was examined
using fluorescence quenching assay. The 9-N-arylmethylamino derivatives of noscapine (13a-c) were found to inhibit the
proliferation of cancer cells at a much lower concentration (ICs,, values range between 9.1 to 47.3 uM) compared to noscapine
(ICs value is 45.8-59.3 uM). Surprisingly, the proliferation of HEK cells was not inhibited even at a concentration of 100 uM
(cytotoxicity is <5%). These derivatives induced apoptosis by arresting cells at G2/M-phase and also bind to tubulin. The
9-(N-arylmethylamino) noscapinoids have the potential to be a novel therapeutic agent for the treatment of breast cancer.
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Introduction

The plant alkaloid noscapine has been administered orally
as a safe antitussive drug for over 40 years. It is non-sed-
ative, non-narcotic, and lacks respiratory-depressant with-
out causing exhilaration or dependency (Dahlstrom et al.
1982; Karlsson et al. 1990). Noscapine was discovered
to bind tubulin and regulate its dynamic instability. As a
result, it inhibits cell cycle progression in dividing cancer
cells and normal cells during the mitotic phase (Ye et al.
1998; Landen et al. 2002). However, cancer cells fail to
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arrest mitosis for a long duration due to their compromised
cell cycle checkpoints and undergo apoptosis. In contrast,
the arrested normal cells resume mitosis after drug removal
(Zhou et al. 2002; Aneja et al. 2007a). More importantly
unlike other microtubule targeting drugs like vinca alkaloids
and taxanes, noscapine has several advantages like: (a) effec-
tive against wide range of cancer cells including the drug
resistance ones (Zhou et al. 2002, 2006; Aneja et al. 2007a;
Ke et al. 2000); (b) it is poor candidate for drug pumps (poly
glycoproteins and multidrug resistance-related proteins),
hence chances of developing resistance is minimum (Zhou
et al. 2006), (c) when tested in nude mice it suppressed the
growth of murine melanoma, glioblastoma, lymphoma and
human breast tumours showing no toxicity to normal highly
dividing cells and postmitotic cells like neurons (Zhou et al.
2002, 2006; Aneja et al. 2007a; Ke et al. 2000), (d) no sign
of hindrance to primary humoral and cellular responses in
mice (Ye et al. 1998; Ke et al. 2000; Krishna and Mayer
2000), (e) it does not cause measurable immunological and
neurological toxicity in mice (Aneja et al. 2007a, 2010;
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Landen et al. 2004), (f) it is orally administered as opposed
to other anti-MT drugs that require peritoneal injections or
intravenous infusions with a risk of anaphylactic reactions
(Aneja et al. 2007a), (g) it has a mean bioavailability of ~30
to 32 percent over a dose range of 10-300 mg/kg in mice
(Jensen et al. 1992; Aneja et al. 2007b).

Noscapine is effective against a wide range of cancer cells
at high micromolar ranges, so there is an urge to develop
more potent derivatives of noscapine. Initially, several deriv-
atives were being developed and synthesized based on hit
and trial efforts, but very few molecules showed improved
efficacy than the parent molecule noscapine (Zhou et al.
2003; Aneja et al. 2006a, b; Mishra et al. 2011). 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 (Manchukonda et al. 2012, 2013,
2014; Santoshi et al. 2011, 2015; Naik et al. 2011a, 2012).
While several synthesized derivatives of noscapinoids
showed promising in vitro activity against a panel of breast
tumor cell lines, the antiproliferative activity comes to be in
higher concentration (ICs,>20 uM). Therefore, the status of
research in India and internationally reflects an urgent need
to take up further optimization of noscapine towards devel-
oping novel and more promising derivatives. In this study,
we approach to develop 9-N-arylmethylamino noscapinoids
by functionalizing the C-9 position of the scaffold structure
of noscapine with Schiff base complex consisting of alkyl
or arylalkyl units. This is because the Schiff bases (imine
group containing pharmacophore) were reported to have
anticancer properties (Adams et al. 2013; Bhat et al. 2013).
Thus, there is a chance to increase the anticancer activity
of noscapinoids. The 9-(N-arylmethylamino) noscapinoids
revealed better binding affinity with tubulin, dramatically
reduced cancer cell growth, arrested the cell cycle at G2/M
phase and triggered apoptosis.

Materials and methods

Preparation and optimization of crystal structure
of tubulin

The co-crystal structure of tubulin heterodimer (PDB ID:
6Y6D) was downloaded from protein data bank. A com-
plex consisting of both 'A' and 'B' chains of the protein
was acquired after a manual inspection and considered for
molecular docking of noscapine and its derivatives. It is
reported that noscapine and its derivatives were bound at
the interface of both a- and p- tubulin (Naik et al. 2011b).
Though the structure was obtained at a higher resolution
of 2.20 A using X-ray diffraction (Oliva et al. 2020), it has
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specific errors. A multistep protein preparation wizard (PP
wizard) (Schrodinger, Inc., NY) was employed to preproc-
ess the PDB structure, obtain the tubulin af-heterodimer
and added missing hydrogen atoms. The Prime software
(Schrodinger, Inc., NY) was used for the prediction of miss-
ing side chain atoms of the amino acids and repaired. The
PP wizard was used to treat the metal magnesium to break
bonds to neighbouring atoms and the correct formal charges
to it was assigned by OPLS 2005 force field. Finally, the PP
wizard was used to optimize hydrogen-bonding networks
followed by energy minimization of the co-complex struc-
ture of tubulin-amino noscapine.

Rational design of 9-N-arylalkylamino derivatives
of noscapine

Among the several derivatives of noscapine developed ear-
lier, the derivatives developed by substitution of functional
groups at C-9 position (e.g. fluoro, chloro, bromo, iodo,
nitro, amino and azido) were found to have enhanced anti-
cancer activity compared to the parent compound, noscap-
ine. Out of them 9-amino-noscapine is the most prominent
one. Later studies predicted that further functionalization of
groups at C-9 position of isoquinoline ring system could be
the choice to tune anticancer activity profile of noscapine.
Schiff bases (imine group containing pharmacophore) are
reported as antibacterial, anti-inflammatory, antioxidant and
anticancer properties (Adams et al. 2013; Bhat et al. 2013).
As an example, Schiff base obtained from coumarin and
pyrazole aldehyde has been tested against cancer cell lines
and showed mild anticancer activity (Ali et al. 2013). Physi-
ological activities attributed to Schiff bases are due to pre-
dictable C=N functionality. Inspired by the potential appli-
cations of Schiff base analogues in pharmaceutical industry,
and continuing our efforts on the development of newer and
potent noscapine analogues, we have appended Schiff base
complex with alkyl or arylalkyl units onto the noscapine
scaffold. Initially, we developed a series of 9-(N-aryla-
lkylamino) noscapinoids in silico as depicted in Fig. 1 fol-
lowed by screening a panel of the most potent compounds
using molecular docking and predictive binding free energy.

Preparation and optimization of the chemical
structure of noscapinoids

Molecular structures of noscapine (PubChem ID: 275,196)
and its derivatives (Fig. 2) that had been reported earlier
(Aneja et al. 2006b; Santoshi et al. 2011, 2015; Manchu-
konda et al. 2013; Naik et al. 2011a) and the newly designed
9-(N-arylalkylamino) noscapinoids (Fig. 1) were built
by ChemDraw (v19.0) and were imported into Maestro
(Schrodinger, Inc., NY). The molecules were optimized
by energy minimization using Macromodel (Schrodinger,
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Fig. 1 In silico modification of
noscapine scaffold with alkyl
or arylalkyl units at the C-9
position to form a series of
9-(N-arylalkylamino) noscapi-
noids

Natural noscapine 1

Fig.2 Molecular structures of
previously reported noscapine
derivatives that have experi-
mentally proven to bind tubulin
with known binding free energy
(Table 1) and used as training
test molecules for LIE-SGB
model building

Inc., NY) and OPLS 2005 force field. Polak-Ribiere Con-
jugate Gradient (PRCG) algorithm with an energy gradient
of 0.01 kcal/mol and simulation of 1000 steps was used.
Jaguar (version 17.4, Schrodinger, LLC) was used to opti-
mize ligand geometry with a basic set of 3-21G* (Binkley
et al. 1980; Gordon et al. 1982), using Becke's three-param-
eter exchange potential and the Lee—Yang—Parr correlation
functional (B3LYP) (Lee et al. 1988; Becke 1993). Ligprep
(Schrodinger, Inc., NY) was further employed to generate
different conformations of the structures.

Molecular docking

Noscapine and its previously reported derivatives (Fig. 2)
as well as 9-(N-arylalkylamino) derivatives (Fig. 1) were
docked onto the binding site as reported earlier (Oliva et al.
2020). The noscapinoid binding site onto tubulin (PDB ID:
6Y6D) was specified by selecting the co-crystalized ligand,
amino noscapine, as a reference molecule (Oliva et al. 2020).
The Glide grid receptor generation algorithm was used to
generate two grid boxes by choosing the co-crystal ligand
amino-noscapine to specify the binding site. An inner grid
box of size 12 Ax 12 Ax 12 A was made at the centroid of
the binding site indicating that each docked ligand’s diam-
eter midpoint must be present in the search space. Along
with this box, an outer grid box was also formed with a size
of <24 A of the co-complexed amino noscapine specifying
the volume in which the ligand’s must restrain. The Glide
XP method (Schrodinger, Inc., NY) was used to dock the
molecules and their binding poses were evaluated using the

Variable substutuent to
tune anticancer activity

H;CO
New 9-(N-arylmethyl) appended amino
noscapinoids

9-Amino noscapine 6

=H = CF, COOEt
:R=ClI <N
:R=Br |
=F =
:R=1 ol < o -
: R=NH
. R= NOZ 8 9 10 1

GlideXPyg_,. function (Friesner et al. 2004; Halgren et al.
2004). Protein atoms with precise partial charges less than
or equal to 0.25 was used as a scaling factor and 0.4 for
van der Waals radii. Out of the 10,000 poses assessed, 1000
were chosen using energy minimization (conjugate gradi-
ents), and the 30 structures with the lowest energy confor-
mation were used to determine Glide docking score. The
ten best conformations for each molecule were chosen, and
the average docking score was calculated. Finally, the best
three 9-(N-arylmethylamino) derivatives of noscapine, 13a-
¢, (Fig. 3) from the library were screened out for theoretical
calculation of free energy of binding, chemical synthesis,
and experimental validation.

Theoretical calculation of free energy of binding
of 13a-c with tubulin

A predictive model was developed based on linear interac-
tion energy model (LIE) with a surface generalized Born
(SGB) continuum solvation model (Zhou et al. 2001) to
determine the free energy of binding (AGy,g prea) Of the
newly designed 9-(N-arylalkylamino) noscapinoids (13a-c)
with tubulin. A training data set of noscapinoids (Fig. 2)
with known experimental free energy of binding (AGy;ng ex)
was used and mapped with various predicted energy param-
eters such as van der Waals (U, ), coulombic (U,,,), reac-
tion field (U,,,) and cavity energy (U,,,,) based on LIE model
to develop the empirical prediction model. The AGyiyg expr OF
noscapinoids was calculated from their respective dissocia-
tion constant (K;) values using the relation:
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Fig.3 Chemical structure of
promising 9-(N-arylmethyl-
amino) noscapinoids, 13a-c,
screened out with better binding
affinity with tubulin

AGying prea = RTInKA,

where R is the gaseous constant (0.001986 kcal/mol) and T
is the temperature (298 K). Liaison programme (Schrodinger
package) was used with the parameters set up as reported
previously (Santoshi et al. 2015) to estimate the above
energy parameters from the docked complexes of the nosca-
pinoids based on Hybrid Monte Carlo simulation technique.

AGbimi,pred =a<<U1brdw> - <U):dw>> + ﬂ<<Ufoul> - <U£oul>)
+ y(<fon> - <Ujrcxn)) + 6(<Ucbav> - <U£uv>)'

Here <> represents the ensemble average, b represents the
bound form of the ligand, f represents the free form of the
ligand, and a, B, y and O are the coefficients of the energy
parameters. The values obtained for the four fitting param-
eters, a, , ¥ and 8 were 0.08446, — 0.00223, — 0.00872, and
— 0.45601, respectively. The AGy;,q preq Of the training set
molecules based on the LIE-SGB model was very close to the
AGhng preq (root mean square error was 0.243 kcal/mol). The
accuracy of the prediction model can also be judged by the
squared correlation coefficient (R?) and analysis of variance
(F value).

VGpinaprea = 0.08446 (U, ) = 0.00223 (Uyyy )
—0.00872(U,,, ) — 0.45601 (U
(n =11, R* = 0.998, s = 0.243,
F = 3742.6, P < 0.001)

cav >
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Because of high predictability, the LIE-SGB prediction
model was used to predict the free energy of binding of the
newly designed 9-(N-arylalkylamino) noscapinoids (13a-c).

Chemical synthesis of 9-(N-arylalkylamino)
noscapinoids (13a-c)

Noscapine procured from Sigma-Aldrich was used as start-
ing material to synthesize the 9-(N-arylalkylamino) nosca-
pinoids (13a-c) through 2 reaction phases, such as (a) bro-
mination of noscapine with aqueous HBr/Br,-H,O and (b)
amination of noscapine with Cul, NaN;, and L-Proline in
DMSO (Naik et al. 2011a). In 15 ml of ethanol, the 9-amino-
noscapine 6 solution (1.0 mmol) was refluxed with a number
of substituted aromatic aldehydes (1.0 mmol). The solvent
was evaporated under a vacuum until the reaction consumed
all the starting material (as suggested by TLC). The crude
residue was extracted using dichloromethane (2 X 15 ml)
followed by washing in a brine solution. After being col-
lected and passed through Na,SO, bed, the organic layer was
removed at a lower pressure. Chromatography of the crude
residue was done using petroleum ether/ethyl acetate (7:3) as
eluents over a triethylamine silica bed to give 9-(arylimino)
derivatives of noscapine 12a-c as solid compounds in high
yields. Further, in the presence of sodium cyanoborohydride
(1.2 mmol) in methanol (10 mL) for 4 h at room temperature
the intermediate products 12a-c¢ (1.0 mmol) were reduced
to get 9-(NV-arylmethylamino) derivatives, 13a-c as depicted
in Reaction Scheme 1. NMR ('H and '*C), IR spectroscopy,
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Reaction Scheme 1 Scheme 1
Chemical synthesis of screened
out 9-(N-arylmethylamino)
derivatives of noscapine 13a-
c. Reaction Conditions: (i)
RCHO, EtOH, Reflux, 24 h; (ii)
NaCNBH3, Methanol, RT, 4 h.
9-amino-noscapine was trans-
formed to 9-(arylimino) deriva-
tives of noscapine 12a-c, which
were subsequently reduced to
9-(N-arylmethylamino) deriva-
tives of noscapine 13a-c

12a and 13a

and mass (HRMS) spectrometry were used to characterize
all intermediates and end products. The spectroscopy data
of all the intermediates and final products are collated in the
supplementary data (Supplementary data S1-S25).

Cancer cell lines and reagents

Human breast cancer cell lines (MCF-7 & MDA-MB-231)
and normal human embryonic kidney cell line (HEK) was
acquired from National Centre for Cell Science in Pune,
Maharashtra, India. For experimental validation of 13a-
¢ stock solutions (100 mM) were prepared using DMSO
(Dimethyl sulfoxide) and stored at 4 °C until further use.
Cells were grown in DMEM (Dulbecco's modified Eagle
medium) along with 10% fetal bovine serum (FBS; GIBCO)
and 1% penicillin and streptomycin (Himedia) at 37 °C and
5% CO, with 95% humid conditions. Once the cells had
attained 70-80% confluency, they were subcultured using
trypsin—EDTA (0.25%) for further cellular assay.

Proliferation assay using breast cancer cells

About 5% 10° number of MCF-7, MDA-MB-231, and
normal human embryonic kidney (HEK) cell lines were
plated in a 96 wells plate and treated with noscapine and its
9-(N-arylmethylamino) derivatives 13a-c of varying con-
centrations (5—-100 uM) for 72 h. Sulforhodamine B assay
was used to determine the viability of cells. The plate’s read-
ing was taken in a microplate spectrophotometer (SPEC-
TRAmax PLUS 384) at 564 nm wavelength. The ICs, value
was calculated in Quest GraphTM ICs, Calculator (AAT
Bioquest, Inc., Sunnyvale, CA, USA, https://www.aatbio.
com/tools/IC50-calculator).

o0 OO F

F

12b and 13b 12c and 13c

Cell cycle progression assay

The cell cycle progression due to the administration of
9-(N-arylmethylamino) derivatives of noscapine, 13a-c,
was analyzed as previously described (Pragyandipta et al.
2021). About 1 x 10° number of MDA-MB-231 breast can-
cer cells were cultured in a 6-well culture plate overnight
and treated with ICs, concentrations of noscapine and its
9-(N-arylmethylamino) derivatives 13a-c. The proportion
of cells in each cell cycle stage was assessed using flow
cytometry (BD FACS Aria-III) after 72 h of treatment. The
experiment was done in triplicates.

Apoptosis assay

The induction of apoptosis was carried out as previously
reported (Pragyandipta et al. 2021). In a 12 well culture
plate around 3 x 10* MDA-MB-231 breast cancer cells
were seeded, followed by treatment with ICy, concentra-
tions of noscapine and its 9-(N-arylmethylamino) deriva-
tives 13a-c for 72 h and was analyzed by flow cytometer.
The apoptotic cells were identified using the apoptosis
detection kit (Sigma-Aldrich, USA), which contains FITC-
conjugated streptavidin, biotin-conjugated Annexin V, and
propidium iodide (PI). 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.

Tubulin purification

Using two cycles of temperature and GTP-dependent polym-
erization and depolymerization tubulin was isolated from
goat brain and purified by phosphocellulose chromatography
as reported earlier (Panda et al. 2000; Hamel and Lin 1981).
The purified tubulin was stored at — 86 °C for further use.
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Tubulin binding assay

Along with PEM buffer (50 mM pipes, 3 mM MgSO,, 1 mM
EGTA, pH 6.8), the 9-(N-arylmethylamino) derivatives of
noscapine, 13a-c (25 pM) were incubated with tubulin
(2 pM) at 35 °C in a water bath for 45 min. The emission
range for the samples was 310-400 nm, and the excitation
wavelength was 295 nm in a FlouroMax® 4 spectrofluorom-
eter (Horiba Scientific, Edison, NIJ).

Results

Molecular docking and theoretical binding energy
calculation of 9-(N-arylmethylamino) derivatives
of noscapine

Noscapine and its 9-(N-arylalkylamino) derivatives were
docked onto the noscapinoid binding site of tubulin by
selecting the co-crystalized compound, amino-noscapine, as
a reference molecule using GlideXP algorithm. Our dock-
ing protocol also regenerated the identical geometry of the
reference molecule's and mode of interaction as observed
in the co-crystal structure. This is the alternative method to
validate the docking protocol reported earlier in the absence
of the co-crystalized protein structure and ligands (Bhardwaj
et al. 2022; Sharma et al. 2021). Further, we have used up to
10 different conformations of each ligand to dock onto the

Table 1 Liaison (Schrodinger, Inc., NY) was used to calculate Glide XP,

binding site and calculated the average docking score since
the ligands' bioactive conformations were unknown. Others
have utilized similar method to decipher the mode of interac-
tion of ligands with the protein in the absence of bioactive
conformation (Bhardwaj et al. 2022; Sharma et al. 2021).
In comparison to the lead molecule, noscapine with a dock-
ing score -2.746 +0.539 kcal/mol, all 9-(N-arylalkylamino)
derivatives of noscapine revealed enhanced docking score
(ranging from — 3.752 to — 5.298 kcal/mol). Finally, three
top-ranked derivatives 13a-c (Fig. 3) based on the improved
docking score (— 4.728, — 4.765 and — 5.298 kcal/mol)
compared to noscapine (Table 1) were selected for the
theoretical calculation of free energy of binding based on
LIE-SGB prediction model. The predicted free energy of
binding of 9-(N-arylalkylamino) derivatives of noscapine
(= 6.467 kcal/mol for 13a, — 7.077 kcal/mol for 13b and
— 7.468 kcal/mol for 13c, respectively) were found to be
significantly higher compared to the noscapine (free energy
of binding is — 4.845 kcal/mol) (Table 1). Noscapine and its
9-(N-arylalkylamino) derivatives fit nicely inside the bind-
ing site and were analyzed for the interaction pattern using
Ligplot (Figs. 4 and 5).

Ligplot analysis revealed the binding modalities of
noscapine and its 9-(N-arylalkylamino) derivatives 13a-c,
with the amino acids of the binding site (Fig. S5a—d). The
binding site amino acids form three hydrogen bonds (dashed
line) with the most promising derivative (13¢). In particu-
lar, the side-chain nitrogen atoms of Gln B247 (bond length

ore along with other parameters like van der Waals energy (U,g,,),

Columbic energy (U,,), reaction energy (U,,,) and cavity energy (U_,,) for noscapine and its 9-(N-arylalkylamino) derivatives (13a-c)

Ligand GlideXP,. (kcal/mol) <U,qy> <Ugyu> (kcal/mol) <U,,> <Ugy> AGying expt AGhing pred
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

1 —2.746 £0.539 —43.43 —202.48 115.81 1.357 —4.802 —4.845

2 —3.052+£0.641 —47.29 —331.08 123.31 4.171 —6.725 —6.704

3 —3.689+0.807 —45.79 —368.38 148.71 3.282 —6.812 —-6.177

4 —3.518+1.093 —52.35 —356.08 172.51 4.622 —5.210 —5.764

5 —-3.736 £1.117 —54.98 —273.98 129.31 2177 —6.932 —6.153

6 —4.188+£0.643 —47.73 — 177.58 129.01 1.028 —5.956 —-5.229

7 —3.984+1.237 — 38.68 —332.18 183.51 1.539 —6.231 —6.234

8 —3.990+0.838 —51.86 —278.18 102.11 4.359 —6.745 —6.638

9 —3.721+£0.904 —33.76 —324.78 152.31 3.841 —5.783 —5.207

10 —3.731+£0.940 —45.72 —471.48 152.61 3.743 —5.673 —5.848

11 —3.926+1.069 —42.98 —267.88 129.71 3.539 —5.518 —5.778

13a —-4.728+£0.919 —52.63 —280.98 145.41 3.027 Nd — 6.467

13b —4.765+1.626 —50.01 —305.38 149.51 4.891 Nd -7.077

13c —5.298+1.229 —56.2 —274.78 140.61 4.622 Nd — 7.468

Based on the LIE-SGB prediction model, the predicted binding free energy (AGyng prea) Was determined. All the newly synthesized 9-(N-aryla-
lkylamino) derivatives 13a-c showed better AGyiq preq cOmpared to the lead molecule, noscapine

The energy terms <U 4, >, <U, >, <U,,>and<U,,

> indicate the ensemble average energy calculated due to the difference between bound

and free state of the ligands and its environment. Experimental AG,;,4 was calculated experimentally using the dissociation constant (K, value)
using the equation: AGy; ,=RT In K; where 7=298 K and R=0.00199 (kcal/mol K). Nd not determined
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Fig.4 Noscapine and its derivatives 13a-c revealed well accommodation inside the binding pocket. a-tubulin is labeled with brown while
fB-tubulin is labeled with blue color. The dashed lines are the hydrogen bonds. A macromodel surface represents the binding domain

3.13 A), GIn A15 (bond length 3.27 A) and Thr A223 (bond
length 2.83 A), formed hydrogen bonds with the oxygen
atoms O4, N1, and 06, respectively of 13c (Fig. 5d). In
contrary the derivative 13b forms 1 hydrogen bonds with the
binding site amino acids Met B325 (Fig. 5c) while derivative
13a forms only two hydrogen bonds with the binding site
amino acids Arg B48 (Fig. 5b). Only two hydrogen bonds
were generated by the lead molecule, noscapine, with the
binding site amino acids GIln B247 & Val B355 (Fig. 5a).
The binding of noscapine and its derivatives 13a-c to the
binding site amino acids was also aided by a series of hydro-
phobic interactions (Supplementary Table S26-S29). To
gain more information about the interaction of noscapine
and its 9-(N-arylalkylamino) derivatives with the binding
site amino acids, we have calculated the van der Walls (E )
and electrostatic (E,,,) energy contribution of the residues
within 12 A of docked ligands. The binding site amino acids
showed a significant contribution of E ;,, and E, energy
with the docked ligands (Fig. 6). Specifically, two amino
acids, Gln B247 and Gln A176 have an appreciable E,
energy contribution (< — 3 kcal/mol) with the binding of
13c. In contrast, a single amino acid Met B325 and Gln B247
have an appreciable E, |, energy contribution (< — 3 kcal/
mol) with the binding of 13b and 13a, respectively. Simi-
larly, a good number of amino acids were involved in van
der Waals interaction with the docked ligands. Specifically,
5 amino acids (Glu B330, Asp B329, Glu B327, Glu A207

and Glu A220), 5 amino acids (Glu B330, Asp B329, Glu
B327, Glu A220 and Glu A207), 3 amino acids (Glu B330,
Asp B329 and Glu A207), and 4 amino acids (Glu B330,
Asp B329, Glu B327 and Glu A220) form van der Waals
interaction with 13¢, 13b, 13a and Noscapine, respectively.
The difference in the interaction profile is due to the substi-
tution of different functional groups in the scaffold structure
of noscapine.

9-(N-arylmethylamino)-13a-c derivatives inhibited
the proliferation of breast cancer cell line

Two human breast cancer cell lines, MCF-7 (estrogen- and
progesterone-receptor positive) and MDA-MB-231 (estro-
gen- and progesterone- receptor negative) were treated with
Noscapine and its 9-(N-arylalkylamino) derivatives 13a-c
to investigate their antiproliferative activity. It revealed that
the noscapinoids (13a-c) hindered the cancer cell prolifera-
tion at lower dosages than the parent molecule noscapine
(Fig. 7). When treated against MCF-7 cell line, the noscap-
ine and its derivatives, 13a-c showed ICs, value of 45.8 uM,
37.2 1M, 30.9 uM and 19.4 uM, respectively. In comparison,
in the case of MDA-MB-231 cell line, the IC, values were
59.3 uM, 47.3 uM, 33.7 uM, and 24.1 uM for noscapine
and its derivatives, 13a-c respectively (Table 2). The dif-
ference in ICy, values for both cell lines indicates that the
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Fig.5 Ligand protein interaction (ligplot) analysis revealed the asso-
ciation of tubulin binding site amino acids with a Noscapine, b 13a, ¢
13b and d 13c. Dashed lines indicate hydrogen bonds, while numer-

susceptibility of cancer cells to noscapine and its derivatives,
13a-c is cell type-dependent. Additionally, we have also
evaluated the toxicity profile of noscapine and its deriva-
tives (13a-c) to normal healthy dividing cells by using HEK.
When the normal cells were treated with noscapine and its
derivatives, 13a-c at a high concentration of 100 uM the
antiproliferative activity was found to be <5% suggesting
extremely low or no toxicity to normal healthy cells (Fig. 8).

I Ul a
des Shevis @) Springer

3 Gp g & ;
GlnlS(Ac)?aJ.CA R

Thr225(Al% 3 ‘
Val355(B)% ¢

Met325(B)

als reflect length of hydrogen bond in A. The radial spoke arcs repre-
sent the hydrophobic molecular interactions

9-(N-arylmethylamino) derivatives 13a-c induced
apoptosis to cancer cells

The induction of apoptosis in breast cancer cells after
treatment with 9-(N-arylmethylamino) derivatives 13a-c
was done by FACS. During apoptosis, the translocation of
phosphatidylserine to the cell membrane's outer leaflet was
detected by annexin V and the propidium iodide to DNA.
Cells were treated with ICs, concentrations of noscapine
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Fig. 6 Interaction profile of binding site amino acids with the docked
noscapine and its 9-(N-arylalkylamino) derivatives (13a-c). Only the
electrostatic (E,,) and van der Walls (E,4,) energy contribution of
residues within the 12 A diameter of docked ligands are being con-

sidered. It clearly shows that binding site residues contribute dif-
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ferently to the electrostatic and van der Walls binding energy with
docked ligands. For the E, energy contribution, only the amino acids
contributing energy < — 3 kcal/mol were labeled, whereas in case of
E. 4, energy contribution, the amino acids having energy contribution
of <— 10 kcal/mol were labeled
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Fig.7 Growth of A MCF-7 and B MDA-MB-231 cancer cells when treated against escalating concentration of noscapine & 13a-c derivatives
for 72 h was found to be dramatically inhibited. The value is represented as mean (+) standard deviation

Table2 Noscapine and its derivatives’ (13a-¢) ICy, values when
treated against MCF-7 and MDA-MB-231 cell lines

Breast cancer cell IC5 (UM)

lines -

Noscapine 13a 13b 13c
MCEF-7 458+42 372432 309+25 194+19
MDAMB-231 59.3+4.6 473+3.5 33.7+25 24.1+24

Compared to noscapine, these molecules showed enhanced anti-pro-
liferative efficacy

and its derivatives 13a-c for 72 h against MDA-MB-231 cell
line to determine the percentage of early and late apoptotic
cells. A flow cytometry analysis of apoptotic cells is shown
in Fig. 9. In control, there were very few early (3.5%) and
late (2.0%) apoptotic cells, and were considered background
cell death due to normal necrosis of cells. In contrast, with
treatments of noscapine and its derivatives 13a-c, the per-
centages of early apoptotic cells were found to be 20%, 40%,
35%, and 30%, while the late apoptotic cells were found to
be 28%, 36%, 43%, and 50% which is more than that of the
untreated cells (Table 3).
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Fig.8 Around<5% cell death was revealed when normal human
embryonic kidney cells (HEK) were treated with noscapine and its
derivatives 13a-c for 72 h. Each value is the average of three separate
experiments

Inhibition of cell cycle progression by noscapine
and its derivatives, 13a-c

The impact of noscapine and its 9-(N-arylmethylamino)
derivatives 13a-c (with the treatment of ICs, concentration)
in cell cycle progression of MDA-MB-231 cells is illustrated
in Fig. 10. The deposition of fluorescently tagged DNA in
the presence of 13a-c reveals that cell cycle progression has

been disrupted. The presence of 2 N DNA marks the G1
phase, while 4 N DNA accumulation reveals the cells are at
G2/M phase. DNA accumulation between 2 N & 4 N peaks
indicates the cells are in S phase and in case there is less
than 2 N DNA, it signifies the apoptotic cells with DNA
degradation. The cell cycle profile of the MDA-MB-231
cell was significantly inhibited after 72 h of treatment with
ICs, concentrations of noscapine and its derivatives (13a-c)
(Table 4). A large deposition of cells were seen in the G2/M
phase followed by emergence of hypodiploid DNA content
peak (sub-G1) indicating apoptotic cells.

9-(N-arylmethylamino) derivatives of noscapine
13a-c were found to bind tubulin

Due to the inclusion of numerous tryptophan amino acids,
tubulin is auto fluorescent in nature. Hence a drop in emis-
sion fluorescence associated with ligand binding owing to
conformational changes might be beneficial in monitoring
ligand binding. In the presence of 9-(N-arylmethylamino)
derivatives of noscapine 13a-c (25 uM), fluorescence inten-
sity was reduced by 38%, 17.39%, and 25.47%, respectively,
indicating these compounds bind to tubulin and altered its
conformation (Fig. 11).

Control Noscapine 13a 13b 13c
« L %‘ 2 < : ; "2! Ll | % L
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Fig.9 Noscapine and its 9-(N-arylmethylamino) derivatives 13a-
¢ were treated against the MDA-MB-231 cell line and induction of
apoptosis was assessed by flow cytometry and compared to non-
treated cells. The fluorescent dye, propidium iodide (PI) was used
in combination with the Alexa Fluor 488 conjugate of Annexin-V to

discern between three sub-populations: PI-positive and Alexa Fluor
488-positive, indicating late apoptotic cells (PI+, Alexa Fluor 488+),
Pl-negative and Alexa Fluor 488-negative, indicating viable cells
(PI-, Alexa Fluor 488-), Pl-negative and Alexa Fluor 488-positive,
indicating early apoptotic cells (PI-, Alexa Fluor 488+)

Table 3 The percentage of early

. - Viability/apoptotic Control (%) Noscapine (%) 13a (%) 13b (%) 13c¢ (%)
apoptotic (Q1), late apoptotic
(Q2), viable (Q3), and necrotic Viable cell 94 40 10 15 10
(Q4) was determined by Flow Early apoptotic 2 20 40 35 30
Cytometry
Late apoptotic 4 28 36 43 50
Necrotic 0 10 10 10
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Fig. 10 Noscapine and its 9-(N-arylmethylamino) derivatives, 13a-c disrupt cell cycle progression during the G2/M phase, followed by the
emergence of a hypodiploid (sub-G1) DNA peak, suggesting apoptotic cells

Table 4 Effects of noscapine and its derivatives 13a-c on cell cycle
progression when treated with ICs, concentration using MDA-
MB-231 cells for 72 h

72h
Sub-G, Gy/G, S G,/M
Control 0.8 20.9 23.6 10.9
Noscapine 4.8 16.9 14.8 18.1
13a 7.8 14.2 94 18.5
13b 9.0 15 8.8 37.2
13¢ 10.5 27.1 9.6 45.1
350
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Fig. 11 9-(N-arylmethylamino) derivatives of noscapine 13a-c reduce
the fluorescence intensity of tubulin. The purified tubulin (2.0 pM)
was incubated with 13a-¢ (25 pM) and emission spectra (310-
400 nm) were monitored. The inherent tubulin fluorescence emission
intensity was quenched in presence of 9-(N-arylmethylamino) deriva-
tives of noscapine 13a-c, suggesting that they bind to tubulin

Discussion

9-(N-arylmethylamino) derivatives of noscapine have been
investigated extensively for their anticancer activities.

Schiff base obtained from coumarin and pyrazole aldehyde
has been tested against cancer cell lines and showed mild
anticancer activity (Ali et al. 2013). Besides, compounds
with Schiff bases were reported to have antibacterial, anti-
inflammatory, antioxidant and anticancer properties (Adams
et al. 2013; Bhat et al. 2013). Because of the wide range of
pharmacological activity exhibited by the Schiff bases, we
envisaged developing a panel of noscapine derivatives in sil-
ico with substitution of Schiff bases, followed by screening
the top three derivatives for chemical synthesis and experi-
mental validation in a quest to increase the anticancer activ-
ity of noscapine. Due to its sensitive C—C bond, it is always
challenging to synthesize noscapine derivatives. However,
the reaction conditions embraced in this study do not influ-
ence the sensitive C—C bond connecting two heterocyclic
phthalide and isoquinoline units. The synthetic derivatives
and the lead molecule, noscapine were tested in vitro for
their antiproliferative activity using two human cancer cell
lines: MDA-MB-231 (a triple-negative human breast cancer
cell line) and MCF-7 (a triple-positive human breast cancer
cell line). The wide difference in ICs, values obtained using
MCF-7 and MDA-MB-231 suggests that these compounds
inhibited the cellular proliferation of cancer cells and were
cell-type dependent. The 9-(N-arylmethylamino) deriva-
tives of noscapine were found to have improved antipro-
liferative activity compared to noscapine and many of its
synthetic derivatives reported earlier (Aneja et al. 2006b;
Naik et al. 2011a; Manchukonda et al. 2013; Santoshi et al.
2011, 2015) without affecting the normal epithelial cells.
These derivatives of noscapine were also found to arrest the
cancer cell at G2/M phase and induced apoptosis to cancer
cells quite effectively. This is corroborated from the previ-
ous study that many of the noscapine derivatives developed
inhibited cell proliferation by interfering with cell cycle
progression at G2/M phase (Anderson et al. 2005; Sajadian
et al. 2015; Shen et al. 2015; Nagireddy et al. 2022; Devine
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et al. 2018; Rahmanian-Devin et al. 2021). We have quanti-
fied the proportions of apoptotic cells (both early and late
apoptotic cells) with the treatment of these derivatives using
FACS analysis. Biochemically the apoptotic process is
characterized by alterations of the lipid composition of cell
membrane—phosphatidylserine which is normally on the
inner leaflet of the cell membrane, translocates to the outer
leaflet and is detected by annexin V binding. In contrast, a
cell-impermeant DNA-binding fluorescent dye, propidium
iodide, can only enter the cells at the late apoptosis stage
when membrane permeability is compromised. The percent-
age of early apoptotic and late apoptotic cells using MDA-
MB-231 cell line with the treatment of IC5, concentration of
9-(N-arylmethylamino) derivatives of noscapine were found
to be significantly much higher compared to untreated cells
(Fig. 9). Although the founding compound, noscapine, is
already in clinical trials, 9-(N-arylmethylamino) derivatives
of noscapine represents an additional edge over noscapine
because of its higher potency, without compromising the
nontoxic profile of noscapine.

Conclusion

A series of 9-(N-arylmethylamino) derivatives of noscap-
ine were designed to enhance the activity of noscapine by
functionalizing the C-9 position of noscapine with alkyl or
arylalkyl units. When evaluated against MCF-7 & MDA-
MB-231 cell line, the three screened noscapiniods showed a
significant increase in the antiproliferative activity to cancer-
ous cells without causing any harm to the normal cells. As
a result, this class of compounds may be quite beneficial for
treating breast cancer and different types of cancer. Thus this
compels us to keep looking into the impacts of these new
compounds in vivo animal research, with the ultimate goal
of moving on to a human clinical trial.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-022-03445-3.
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