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ABSTRACT

Docetaxel (DOX) based combination therapy is a novel therapeutic strategy that attracts great interest
in breast cancer treatment but its clinical utility got limited due to side effects. In contrast, noscapine,
an antitussive drug showed antitumor activity against many cancers without any side effects that tar-
gets microtubules and attenuates its dynamic instability. In the quest for an increase in the anticancer
activity of noscapine, we strategically designed a novel derivative, 9-vinyl phenyl noscapine (VPN),
based on our in silico molecular docking and molecular dynamics simulation effort. Molecular docking
of VPN and DOX onto microtubule revealed a docking score of —4.82kcal/mol and —6.67 kcal/mol
respectively, while the docking score of VPN was changed to —3.23 kcal/mol when it was docked onto
the co-complex of tubulin-DOX. Further, the binding free energy (AGpingpssa) of VPN and DOX with
tubulin showed —24.04 and —18.65 kcal/mol respectively, while the binding free energy of DOX was
increased further in combination with VPN (AGping, pesa Was reduced to —21.41 kcal/mol), denoting
combination effect of both ligands. The ICs, value amounted to 30.17 uM and 19.92 uM for VPN and
0.621 uM and 0.193 uM for DOX, respectively for 48h and 72h. The dose dependent cytotoxicity of
DOX has been reduced considerably with the combination dose regimen of VPN. Further, the combine
effect of both the agents improved the apoptotic cell death 28.5% compared to single agent treat-
ment 5.71% and 10.5% for VPN and DOX, respectively. Both agents bind effectively to tubulin in single
and in combination to interfere with cell cycle progression in G2/M transition. This study provides
novel concept of combination treatment of DOX and VPN to amend efficiency in breast can-
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cer treatment.

Introduction

Microtubule-targeting drugs such as taxol derivatives and
vinca alkaloids have been powerful chemotherapeutic agents
for the treatment of a variety of human cancers. However,
primarily because of the poor solubility of these compounds,
the clinical uses of these compounds have been somewhat
cumbersome and expensive. In addition, these drugs are
plagued with serious toxicity (particularly, peripheral neuro-
pathies, gastrointestinal toxicity, myelosuppression, and
immunosuppression) owing to their non-selective action
(Rowinsky & Donehower, 1991; Kavanagh & Kudelka, 1993;
Rowinsky, 1997; Theiss & Meller, 2000; Topp et al., 2000;
Zhou et al, 2005). Despite all these challenges, taxol was
approved by the FDA in 1996 for the treatment of breast
and ovarian cancers. Nevertheless, the success of taxol in the
management of aggressive breast and ovarian cancers gives
an impetus to identify compounds that target microtubules,
but are less toxic, bind differently to tubulin, more soluble in

aqueous solutions, available orally and significantly effective
either as single agents or can efficiently synergize with cur-
rently-available drugs such as docetaxel (at low doses). In
quest of searching such molecule, noscapine (an opium alkal-
oid, non-narcotic, non-sedative, traditionally used for decades
as an innocuous anti-cough medicine) was discovered (Ye
et al, 1998). This class of compounds set themselves apart
from currently-available anticancer drugs like taxanes and
vincas because they leave the microtubules arrays intact but
merely attenuate microtubule dynamics just enough to acti-
vate mitotic checkpoints (Ye et al., 1998). Besides, unlike cur-
rently available microtubule drugs that either overpolymerize
and bundle microtubules (taxanes) or depolymerize them
(vincas), noscapinoids do not alter the monomer/polymer
ratio of tubulin (Ye et al, 1998; Zhou et al, 2003) and thus
they do not cause any hemo and neuronal toxicity based
upon their unique mechanism of action. In pursuit of increas-
ing its anticancer activity we have strategically designed a
series of derivatives by modification of the scaffold structure.
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We have shown that these derivatives bind to tubulin with a
higher affinity and do not alter the monomer/polymer ratio
of tubulin In addition; these derivatives inhibit cellular prolif-
eration and cause G2/M arrest in various human cancer cells
followed by apoptotic cell death (Naik et al., 2011; Santoshi
et al, 2011; Naik et al, 2012; Manchukonda et al., 2013;
Manchukonda et al., 2014; Santoshi et al., 2015; Mahaddalkar
et al., 2017). Noscapine and its derivatives were predicted to
binds to a- and B- tubulin heterodimer interface near the
colchicine site but not interfere with colchicine binding
through use of computational docking techniques and
molecular dynamic methods (Naik et al.,, 2011). This finding
was supported by competitive binding experiments that indi-
cated that noscapine was not competitive with colchicine
(Naik et al, 2011). While several synthesized derivatives of
noscapine showed promising in vitro activities against tumor
cell lines, they were unable to achieve a complete elimin-
ation of the disease despite increased dosages.

Over the course of this decade, it is becoming well appre-
ciated that more of a toxic drug at its maximum tolerated
dose (MTD) is not necessarily better; and there is an oppor-
tunity to reduce its dose levels by using combination regi-
mens of drugs that display synergistic interactions (Jordan &
Wilson, 2004). In this context, the potential of combinatorial
anti-microtubule therapy is an untapped source of chemo-
therapeutic wealth as the presence of diverse drug binding
sites on tubulin suggest that rational combination of two or
more drugs of this class might be able to enhance the anti-
cancer efficacy and reduce toxic side effects, thereby,
improving the therapeutic index. Previously it was demon-
strated that the combination of docetaxel and other agents
enhanced the anticancer activities of lung cancer (Hida et al.,
2000; Hida et al., 2002; Nawrocki et al., 2004; Sweeney et al.,
2005; Shaik et al., 2006) as well as breast cancer (Chougule
et al, 2011). In the current study, we embark upon a
approach to rationally designed a novel derivative of nosca-
pine and evaluate its additive effect with the clinically
approved anticancer agent, docetaxel, to enhance the anti-
cancer activity.

Material and methods
Molecular modelling

Protein preparation

The co-crystallized structure of the colchicine-tubulin com-
plex (PDB ID: 1SA0, resolution 3.58 A) was used as a receptor
protein. The errors in the PDB file were removed as per the
procedure reported earlier (Santoshi & Naik, 2014). Further,
refinement of the structure was achieved by energy mini-
mization using Macromodel (Schrodinger package) and fol-
lowed by molecular dynamic simulation of 100ns using
GROMACS 5.1.5 with similar parameters set up as reported
earlier (Santoshi & Naik, 2014). A sum of 5000 frames was
produced in the MD trajectories with a time step of 20 ps,
from which the last 2000 frames were used to generate the
average tubulin structure.

Rational design of novel derivative of noscapine

The lead molecule, noscapine is cytotoxic in a variety of dif-
ferent cancer cell lines (NCI 60 cell lines panel), although the
ICso value remain in the high micro-molar range (Naik et al.,
2011). To enhance its anticancer activity further, efforts have
been focused on rational designing and synthesis of new
generation of noscapine derivatives. Noscapine docks onto
B — tubulin near the interface between its dimerization part-
ner, o — tubulin (Checchi et al., 2003). This is supported by
the earlier finding of 1:1 stoichiometry of tubulin binding (Ye
et al, 1998). A closer look at the binding site revealed side
chains around the putative binding pocket and the presence
of an empty space around position 9 of noscapine. Inspired
by the in silico findings, we have rationally coupled a bulky
4-vinyl phenyl functional group at the C-9 position of the
noscapine scaffold in quest of developing a more potent
derivative of noscapine (Figure 1).

Ligand preparation

The molecular structure of VPN and DOX was constructed
using molecular builder of maestro (Schrodinger package).
The built structures were energy minimized using
Macromodel (Schrodinger package) and OPLS 2005 force
field. For energy minimization, PRCG algorithm was used
with 1000 steps and energy gradient of 0.001. Each ligand
was assigned appropriate bond order using Ligprep. Further,
the geometric optimization of the ligands was performed
based on hybrid density functional theory with Becke's
three-parameter exchange potential and the Lee-Yang-Parr
correlation functional (B3LYP) (Lee et al., 1988; Becke, 1993)
with basis set 3-21G* (Binkley et al., 1980; Gordon et al.,
1982; Pietro et al., 1982) using Jaguar (Schrodinger, LLC).

Molecular docking

Both VPN and DOX were docked onto of-tubulin hetero-
dimer using “Extra Precision” (XP) algorithm of Glide docking
(Schrodinger package) (Friesner et al., 2004; Halgren et al.,
2004) in two cycles. The binding site of VPN is at the inter-
face between o- and B- tubulin (noscapinoids binding site)
(Naik et al., 2011), whereas the binding site of DOX is biased
towards B-tubulin (taxol binding site) (Snyder et al., 2001). In
the first cycle both DOX and VPN were docked onto their
respective binding sites using Glide XP docking to calculate
their individual binding affinity. In the second cycle, the VPN
was docked onto the co-complex of DOX-tubulin and the
DOX was docked onto the co-complex of VPN-tubulin.
The binding sites were defined using a concentric grid box
at the centroid of the binding site using the Glide grid-recep-
tor generation program. An outer grid box of 12A x 12A x
12 A was defined to confine the mass centre of the docked
ligand. Besides, an enclosing grid box of 12A x 12A x 12A
was defined which occupied all the atoms of the docked
poses. The scale factor of 0.4 for van der Waals radii was
applied to atoms of protein with absolute partial charges
less than or equal to 0.25. The algorithm generated 10000
poses, out of which only 1000 poses were used for the mini-
mization (conjugate gradients) and the final 30 structures
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(A): Noscapine

(B): 9-(4-Vinylphenyl)-Noscapine (VPN)

(C): Docetaxel (DOX)

Figure 1. The molecular structures of (A) Noscapine (B) rationally designed derivative, 9-(4-vinylphenyl)-Noscapine (VPN) and (C) a clinical tubulin binding anti-

cancer agent, Docetaxel (DOX) used in the study.

having the lowest energy conformations were evaluated for
the favorable Glide docking score. A single best conform-
ation for VPN and DOX was considered based on minimum
docking score for MD simulation.

Molecular dynamics simulations
Co-complex of tubulin with both the ligands, VPN and DOX
(Tub 4+ VPN + DOX) was obtained from co-docking of DOX
and VPN on Tubulin dimer (complex_1). GTP, GDP and mag-
nesium ions were retained in the complex. Similarly, co-com-
plex of tubulin-VPN (Complex_2) and Tubulin_DOX
(Complex_3) were obtained by removing atoms of DOX and
VPN from complex_1 respectively. Complex 4 with Tubulin
only, without DOX and VPN, was also obtained. All simula-
tions were performed using Amber 16 simulation suite (Case
et al,, 2016). The parameters for all 4 ligands such as DOX,
VPN, GTP and GDP were estimated using Antechamber pro-
gram of Amber 16 suite (Wang et al., 2006). All atomic point
charges were calculated using AM1-BCC charge model
(Jakalian et al., 2002). Topologies and internal coordinates for
all complexes were generated using tleap program in
Amber16. Missing Hydrogens were added and parameters
were assigned to Protein and ligands using FF14SB and
GAFF force-fields respectively (Maier et al, 2015). Each
molecular system was neutralized by adding counter-ions
and was subsequently solvated using TIP3P water model in a
truncated octahedron with the distance of 12 A between the
atoms of protein and wall of the box (Jorgensen et al., 1983).
Once the topologies and internal co-ordinates for all com-
plexes were obtained, three rounds of minimization were
performed on each complex to relax the system and amend
the bad contacts. Position restraints of 10 kcal/A% and 2kcal/
A? were imposed on the protein system for the first and the
second rounds respectively, to relax the water molecules
around protein. No restraints were imposed in the third
round. After removal of bad contacts through minimization,
all four molecular systems were equilibrated at 300K and
1atm for 500 ps. The equilibrated systems were then run for
100 ns each with time step of 2fm. Throughout simulations
the cut-off for non-bonded interaction was 10 A, electrostat-
ics was calculated using Particle Mesh Ewald (PME) and
bonds were constrained using shake algorithm (Ryckaert

et al, 1977; Darden et al, 1993; Essmann et al, 1995).
Langevin thermostat was used to regulate the temperature
of simulations. Co-ordinates were written every 20 ps to write
5000 frames for each molecular system. CPPTAJ implemented
in Ambertools was used to analyze trajectories for Root
Mean square deviation analyses (PTRAJ and CPPTRAJ, 2013).

Predictive binding affinity

Binding affinity of VPN and DOX was calculated when both
ligands were bound to tubulin (complex 1). Binding affinity
of VPN and DOX was also calculated when they were bound
to tubulin separately in complex_2 and complex_3 respect-
ively (Suri et al,, 2015). Free energy of binding (AGping) was
calculated as the ensemble average of the binding free
energy of a total of 1000 snapshots, extracted every 20 ps
from the last 20ns of the MD simulation trajectory using
MM-PBSA and MM-GBSA methods (Kollman et al., 2000;
Massova & Kollman, 2000). as explained below:

AGping = AGcomplex — [AGrec + AGijg]|
G = Egas + Gso —TS.
Egas = Eint + Eele + Evdw
Gsol = GPB(GB) + Gsolfnp
Gsol-np = YSAS

Where, G is Gibbs free energy, Eg, is the gas phase energy
calculated as the sum of internal energy (E;,), energy gener-
ated as a result of the electrostatic interaction (Ege) and the
van der Waals interaction (E,qw). Gso is the solvation free
energy calculated as the sum of polar (Gpggg) and nonpolar
contributions (Gsol-np). Polar interaction contribution (Gpgcg))
was calculated as the summation of electrostatic contribution
(Eetle) and polar solvation contribution (Gpg(g)). The nonpolar
solvation contribution (Gso.np) is approximated as linearly
dependent on the solvent accessible surface area (SAS) and
v is the surface tension constant that was set to 0.0072 kcal
mol~" A2 (Massova & Kollman, 2000).

Per residue energy decomposition

The contribution of each amino acid residue of tubulin was
calculated to identify those residues which showed strong
interaction with ligands (Suri et al., 2014). These calculations



4 S. G. DASH ET AL.

were performed using MM-GBSA method implemented in
Amber 16 over 1000 frames obtained every 20ps from last
20 ns trajectory.

Chemistry

General

All the reactions were monitored by TLC (Precoated silica
plates and visualizing under UVlight). Reagents and all sol-
vents were analytically pure and were used without further
purification. Air-sensitive reagents were transferred by syr-
inge or double-ended needle. Evaporation of solvents was
performed at reduced pressure by using heidolph rotary
evaporator.'H and "3C NMR spectra of samples in CDClswere
recorded on AVANCE-300 MHz, 400 MHz, 500 MHz spectrom-
eter. Chemical shift reported are relative to an internal stand-
ard TMS (6=0.0). Spin multiplicities are described as s
(singlet), brs (broad singlet), d (doublet), t (triplet), q (quar-
tet), or m (multiplet). Coupling constants are reported in
hertz (Hz). Mass spectra were recorded in ESI conditions at
70eV on LC-MSD (Agilent technologies) spectrometers. All
high-resolution spectra were recorded on QSTAR XL hybrid
MS/MS system (Applied Bio systems/MDS sciex, foster city,
USA), equipped with an ESI source (IICT, Hyderabad). Column
chromatography was performed on silica gel (60-120 mesh)
supplied by Acme Chemical Co., India. TLC was performed
on Merck 60F-254 silica gel plates. Commercially available
anhydrous solvents Dichloromethane, methanol, acetone and
Ethylacetate were used as such without further purification.
Natural a-noscapine was purchased from Sigma-Aldrich.

(S)-3-((R)-9-bromo-4-methoxy-6-methyl-5,6,7,8-tetrahydro-
[1,3]dioxolo[4,5-g] isoquinolin-5-yl)-6,7-dimethoxyisoben-
zofuran-1(3H)-one (9-Br-nos)
To a suspension of natural a- noscapine (4.0g, 9.7 mmol) was
reacted with 48% aqueous HBr solution (15mL) and satu-
rated bromine water (~50mL) following the procedure
developed in our lab. The crude residue was purified over sil-
ica gel column chromatography eluted with 3:7 Ethyl acetate:
Hexane (3:7) to give pure 9-bromonoscapine 2 (4.3g, 90%)
as white solid. mp 170°C [0]p*°=-106.8 (c=1,
Dichloromethane); '"H NMR (300MHz, CDCl;) & 6.96 (d,
J=8.309Hz, 1H) , 6.26 (d, J=8.309Hz, 1H) , 6.023 (s,2H),
5.392 (d, J=4.721Hz, 1H), 4.270 (d, J=4.721, 1H) , 4.077
(s, 3H), 3.999 (s, 3H) , 3.872 (s, 3H) , 2.831-2.746 (m, TH),
2.670-2.579 (m, 1H) , 2.516(s, 3H), 2.496-2.422 (m, TH), 2.024-
1.913 (m, TH). *C NMR (75MHz, CDCl;) & 167.95, 152.24,
147.67, 146.47, 141.17, 139.90, 134.10, 130.26, 119.57, 118.90,
118.25, 117.45, 101.01, 95.50, 81.23, 62.24, 60.86, 59.37, 56.72,
48.34, 45.13, 25.85. MS (ESI) m/z 492 [M+ H]*; HR-MS (ESI)
Calcd for CyyH»,NO,Br [M 4+ H]T:492.0657, found: 492.0636.
The "H-NMR, "*C-NMR and mass spectra (ESI and HR-MS) of
the intermediate compound, 9-Br-noscapine are included as
supporting material (S1 to S5).

(S) — 6,7-Dimethoxy-3- (R) — 4 - methoxy-6-methyl — 9 -
(4-vinylphenyl) — 5,6,7,8 - tetrahydro-[1,3] dioxolo [4,5-g] iso-
quinolin-5-yl) isobenzofuran-1(3H) - zone (9-VPN): To a

solution of 9-bromonoscapine (2.0g, 4.1 mmol) in ethanol/
toluene (1:1, v/v, 100mL), Pd(PPhs), (0.59g, 0.49 mmol),
NaHCO3 (8.2mmol) and 4-vinylphenyl boronic acid (1.25g,
8.2mmol) were added sequentially, and the contents were
stirred for 48 h at 120°C. After the starting material was com-
pletely consumed in the reaction (judged by TLC), reaction
mixture was cooled to room temperature, the solvents were
evaporated under vacuum. The crude residue was extracted
into dichloromethane (3 x25mL) and washed with brine
solution. The organic layer was collected and passed through
a Na,SO, bed and later removed under reduced pressure.
The crude residue was chromatographed over a triethyl-
amine silica gel bed, using pet. ether/ethyl acetate (7:3) as
eluents, to give pure compound as colourless solid. (1.32g)
Yield: 62%; m.p: 120-122°C; [0]p®> 120.22 (c=1, dichlorome-
thane); '"H NMR (300 MHz, CDCls): & 7.40 (d, J=8.24Hz, 2H),
7.17 (d, J=8.24Hz, 2H), 6.97 (d, J=8.16Hz, 1H), 6.74-6.66
(dd, J=10.81Hz, 17.51Hz, 1H) 6.10 (s, 1H), 5.98 (s, TH), 5.91
(s, 1H), 574 (d, J=1751Hz, 1H), 548 (s, 1H), 525 (d,
J=10.81Hz, 1H), 4.47 (s, 1H), 4.10 (s, 6H), 3.90 (s, 3H), 2.66-
2.54 (m, 4H), 2.27-2.13 (m, 2H), 1.77-1.64 (m, 1H). *C NMR
(75MHz, CDCls): & 157.9, 152.2, 147.7, 146.0, 143.6, 140.9,
139.6, 136.7, 133.7, 133.5, 130.7, 130.1, 126.0, 1204, 117.8,
116.1, 114.2, 100.8, 81.9, 62.3, 61.1, 59.5, 56.9, 50.8, 46.6, 27.0,
23.2, 29.6. MS (ESI): m/z 538 [M + Na]*; HRMS (ESI): Calcd for
C30H2oNO, [M+Na]*; 538.1841; found: 538.1848. The 'H-
NMR, "*C-NMR and mass spectra (ESI and HR-MS) of the final
product, VPN are included as supporting material (S6 to S9).

Biology

Cell culture and reagents

The natural lead compound, noscapine and docetaxel were
obtained from Sigma. All the chemical reagents and media
used for cell culture were obtained from Mediatech, Cellgro.
Human breast cancer cell line, MCF7 was obtained from the
cell repository of the National Center for Cell Science Pune,
Maharashtra, India. Stock solution (100 mM) of the newly syn-
thesised noscapine derivative, VPN was prepared with
dimethyl sulfoxide (DMSO) and stored at 4°C until use. The
cells were allowed to grow at a temperature of 37°C in a 5%
CO, and 95% humidity in Dulbecco’s modified Eagle medium
(DMEM, Pan Biotech), supplemented with 10% fetal bovine
serum (FBS) and antibiotics.

In vitro cell proliferation assay

Inhibition of cell proliferation of MCF7 was assessed by 3-(4,
5-dimethylthiazol-2-yl)-2,5, ditetrazolium bromide (MTT)
assay. Briefly, MCF 7 cells (3 x 10%) were seeded into 96 well
plates. After post attachment of 48h, the cells were treated
with different concentrations of VPN alone (10, 25, 50,
100 uM), DOX alone (0.001, 0.01, 0.1,1,10 uM) and in combin-
ation of VPN and DOX (10uM VPN + 0.001 uM DOX, 15 uM
VPN + 0.01 uM DOX, 20 uM VPN + 0.05 uM DOX, 25 uM VPN
+ 0.1uM DOX, 30uM VPN + 0.5uM DOX). Cells were incu-
bated for 48h and 72 h. After the stipulated time the cells
were incubated with 10l of MTT (5mg/ml) for 4.0h, at
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37°C and the absorbance was measured in plate reader
(Varioskan, Thermo Scientific) at 570 nm. The value of ICs,
(the concentration of the drugs required to prevent cell pro-
liferation by 50%) of VPN alone, DOX alone and in combin-
ation regimen of VPN and DOX was determined. The
experiments were repeated in triplicates.

Cell cycle analysis

MCF7 (1 x 10°) cells were seeded into a 6-well culture plate.
After 24h the cells were treated with VPN alone (20 um),
DOX alone (0.5um) or in combination regimen of VPN and
DOX (25 um VPN + 0.05 um DOX). Cells were harvested after
24 h of treatment using trypsin-EDTA, washed properly with
phosphate buffered saline (PBS) and fixed in 70% ethanol for
30min. After fixation, the cells were stained with staining
solution that included RNase (5pug/ml), propidium iodide
(5pg/ml) and Triton X (0.1%). In Flow cytometer (FACS
Calibur), the cells were analysed to monitor the inhibition in
cell cycle progression. The experiment was performed in
triplicates.

Apoptosis assay

MCF7 cells (5 x 10 were seeded in 35mm plates. After 24 h,
cells were treated with VPN alone (20um), DOX alone
(0.5 um) or in combination regimen of VPN and DOX (25 um
VPN + 0.05 um DOX) at a temperature of 37°C and 5% CO,.
Cells were sampled and analyzed using flow cytometry after
24 h of treatment. Briefly, the cells were stained with propi-
dium iodide (PlI) and Annexin-V-Alexa Fluor 488 (BD
Pharmingen, San Diego, CA, USA) according to the man-
ufacturer's protocol. Percentage of apoptotic cells were
assessed using BD FACS Calibur (San Jose, CA, USA).

DAPI staining

The apoptotic cells in presence of VPN (20 um), DOX (0.5 um)
and in combination regimen (25um VPN + 0.05pm DOX)
were visualized by staining with DAPI under fluorescence
microscopy. In brief, MCF7 cells (3 x 10° cells) were grown
on poly-I-lysine coated coverslips in 6-well plates and treated
with single as well as in combination regimen for 48 h. The
cells were then washed twice with ice-cold PBS. The cover-
slips were fixed with 70% ethanol and stained using DAPI,
followed by imaging using BX60 fluorescence microscope
(Olympus, Tokyo, Japan). Apoptotic cells were identified as
changes in cellular morphology (e.g. nuclear condensation,
membrane blebs formation, and apoptotic bodies).

Tubulin purification

Microtubules were isolated and purified from the goat brain
through alternative cycles of GTP-dependent polymerization
and depolymerisation in PEM buffer (50mM pipes, 3mM
MgSO4, 1T mM EGTA, pH 6.8) (Hamel & Lin, 1981; Panda et al.,
2000). The purified microtubules were preserved at —80°C.
The purified tubulin was estimated using the Bradford
method as well as by SDS PAGE (Bradford, 1976).
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Tryptophan quenching assay

Tubulin (2 uM) was incubated in a water bath with VPN at a
concentration of 20uM, DOX at a concentration of 0.5uM
and in combination regimen (DOX 0.05puM + VPN 25 uM) in
PEM buffer (50 mM pipes, 3mM MgSO4, 1 mM EGTA, PH 6.8)
for 45 min at 35°C. The samples were excited at 295 nm and
emission was measured at 310-400 nm. For the spectrofluoro-
metric titrations a FlouroMax® 4 spectrofluorometer (Horiba
Scientifc, Edison, NJ) assisted by Fluor Essence 3.5 software
was used. The experiments were repeated twice.

ANS (8-Anilino-1-naphthalene sulfonic acid)-binding assay
ANS binding assay was performed to verify the structural
integrity of the tubulin in presence of VPN and DOX in single
as well as in combination regimen. Tubulin (2 uM) was incu-
bated with VPN (20uM and 50 uM), DOX (0.5uM) and in
combination regimen (DOX 0.05uM+VPN 25uM) at 35°C
for 30min in PEM buffer. ANS (50 uM) was added and the
samples were incubated in dark at 25°C for 15 min. The sam-
ples were excited at 350 nm and the emission was measured
at 410-470nm using a Flourolog 3 spectrofluorometer
(Horiba Scientific, Edition, NJ) assisted by fluorescence 3.5
software. The assays were repeated two times.

Results and discussion

Molecular modelling

Both noscapinoid and docetaxel were reported to bind to
tubulin at a different site. Noscapinoids bind at the interface
of a- and B- tubulin (Naik et al, 2011), whereas the binding
of docetaxel was biased to B-tubulin (Snyder et al, 2001).
Since both the ligands bind to tubulin, we are interested to
determine the binding affinity of both VPN and DOX when
both the ligands are docked at their respective binding site
onto tubulin. We have performed two cycles of molecule
docking with tubulin. In the first cycle DOX was docked onto
its binding site and similarly VPN was docked onto noscapi-
noid binding site using Glide XP docking to calculate their
binding affinity, individually. Both the ligands, VPN and DOX
docked well into their binding site with a docking score of
—4.82 kcal/mol and —6.67 kcal/mol respectively (Table 1). The
DOX-tubulin complex was taken in the second cycle and the
VPN was docked onto the noscapinoid binding site. Presence
of DOX on its binding site interfered with the binding of
VPN with a reduced docking score of —3.232 kcal/mol. It may
be because of the alteration of the secondary conformation
of tubulin due to binding of DOX.

MD simulation of the complex

We determine the binding mode of both VPN and DOX inde-
pendently with tubulin (Tub-VPN and Tub-DOX complexes)
as well as in the presence of both of them in their respective
binding site onto tubulin (Tub-DOX+VPN) by molecule
dynamic simulation of 100 ns to obtain a trajectory of 5,000
frames, each frame recorded every 20 ps. Root mean square
deviations (RMSD) of Ca-atoms during the entire duration of
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Table 1. Molecular docking results (Glide XP,..e) and the relevent energy parameters of VPN and DOX in single as well as in combin-

ation with tubulin.

Ligands Glide XPscore (kcal/mol) Glide E,qy (kcal/mol) Glide Eoy (kcal/mol) Glide energy (kcal/mol)

VPN —4.82 —39.86 —8.16 —48.02

DOX —6.67 —41.63 —8.46 —50.09

VPN-DOX —3.23 —32.83 —9.27 —42.10
6 70

Tubulin
5 £ —— Tubulin+VPN+DOX L ' m
50 —— Tubulin+VPN Ly “"“‘ | ‘\

4 Tubulin+DOX ot e ',H‘ | A \

— Tubulin+VPN+DOX

Tubulin+VPN —— Tubulin+DOX
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w
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Figure 2. Root mean square deviations (RMSD) of Co carbon atoms of tubulin
only and in complex with VPN (Tubulin 4 VPN), with docetaxel (Tubulin + DOX)
and with both docetaxel and VPN (Tubulin 4+ DOX + VPN) during 100 ns of MD
simulation. The relative fluctuation in the RMSD of the Co atoms is very small after
~ 20ns of the simulation. The time step of 20ps was used during the simulation
that generated 5,000 frames which were used to generate the average structure.

simulation were calculated for all the frames to monitor the
stability of the system (Figure 2).

All the systems got stabilized after 20ns of simulation,
since the relative fluctuation in the RMSD of Co carbon
atoms (Co-rmsd) was very small after equilibration. The over-
all RMSD ranges from 0 to 2.582A. Furthermore, root mean
square fluctuations (RMSF) of Ca-atoms were also calculated
for all the systems to find any changes in the residue flexibil-
ities. The RMSF values were plotted against residue numbers
based on the 100ns trajectory (Figure 3). The residues with
higher RMSF tend to show more flexibility. Both VPN and
DOX were well accommodated inside the binding cavity. The
VPN docked well at the interface of o- and B- tubulin,
whereas the binding of DOX is biased more towards B-tubu-
lin (Figure 4a and b). Their binding mode with the tubulin
was represented in two steps: (a) receptor residues that have
strong interactions with the ligand, such as a favourable
hydrogen-bonding interactions, and (b) receptor residues
that are close to the ligand, but whose interactions with the
ligand are weak or diffuse, such as hydrophobic interaction.

The differential mode of interactions of compounds VPN
and DOX with the residues of tubulin are represented in the
Ligplot. The differences in amino acids for binding of VPN
with tubulin independently and in combination with DOX
(Figure 4c and d) were mainly because of the change in con-
formation of tubulin due to binding of DOX. Similarly, the
differences in amino acids for binding of DOX with tubulin,
independently and in combination (Figure 4e and f) were
due to change in the conformation of tubulin upon binding
of VPN. As seen in the figure several hydrogen bonds and
hydrophobic interactions are involved in their binding.

Root mean square fluctuations(A)

0 100 200 300 400 500 600 700 800 900
Residues number

Figure 3. Root mean square fluctuation (RMSF) of the residues of tubulin of
the docked ligands in the bound form and in the unbound form of tubulin het-
erodimer. Different levels of flexibility of these residues were noticed in the
bound form of tubulin with VPN and DOX in single as well as in combination.
Most of the residues showed flexibilities >5A in case of tubulin bound with
VPN and DOX as compared to the free tubulin heterodimer, indicating that
these residues seem to be more flexible as a result of binding.

The amino acids of the binding site involved in the binding
of VPN are Glu 336(D),Val 351(D), Leu 333(D),Pro 175(A), Glu
207(A), Arg 340(A), Asn 337(D), Lys 394(A) (Figure 4c), and the
DOX are Val 23(D), Ala 233(D), His 229(D), Asp 226(D), Leu
219(D), Leu 371(D), Arg 278(D), Arg 369(D), Gly 370(D) (Figure
4d). The two hydrogen bonds contributed to the interactions
of VPN with the binding pocket of tubulin. The oxygen atom
(Oy) of the isoquinoline ring is hydrogen-bonded with the ND2
of the side chain of Leu D 286 with a distance of 3.04 A. The
carbonyl oxygen of isobenzofuran ring is hydrogen-bonded
with the side chain of Arg D 278 with the distance of 3.05A".
Similarly, binding of DOX involves two hydrogen bonds; the
amino acids Lys 372, Leu 371, Gly 370, Leu 286 and GIn 281
contributed to hydrophobic interactions with the ligands. The
isoquinoline ring is hydrogen-bonded with ND2 of the side
chain of Asn D 337 with a distance of 3.21 A and the isobenzo-
furan ring is hydrogen-bonded with the side chain of Lys A
394 with the distance of 2.90 A. In contrast, there is significant
difference in the amino acids involved in the interaction of
VPN as well as DOX in the co-complex of tubulin with both the
ligands together (Figure 4e and f) This clearly explains
the changes in the binding mode of VPN and DOX when both
the ligands are docked together with the tubulin so there is a
chance of combination effect.

Calculated binding affinities of VPN and DOX

The binding free energy and its respective components of
both VPN and DOX with tubulin were calculated independ-
ently as well as in combination and presented in Table 2. We
have considered last 250 frames from the last 5 ns of trajectory
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Figure 4. (a) Both VPN and DOX are well accomodated inside their respective binding site of tubulin. (b) Snapshot of both the ligands are obtained from the MD
simulation. The binding site is represented as macromodel surface according to a- and - tubulin (o-tubulin is represented in blue colour and B-tubulin is repre-
sented in brown colour). The ligplot analysis showing the interaction of binding site amino acids with the (c) VPN, (d) DOX, (e) VPN when it is docked into the co-
complex of tubulin and DOX, and (f) DOX when it is docked into the co-complex of tubulin and VPN. The binding site residues involved in the interaction of VPN
and DOX are slightly different in single as well as combine docking. The hydrogen bonds formed (if any) are represented as dotted lines.

to calculate the ensemble average of the free energy of bind-
ing using both MM-GBSA and MM-PBSA methods. For all com-
plexes, the binding energy was decomposed into its various
energy components (the electrostatic, van der Waals and solv-
ation). Both van der Waals (AEypyw) and the electrostatic com-
ponent (AEgg) were observed to make very significant
contributions to the free energy of binding. However, the net

polar contribution (AGeiepp/ce) = AEele + AGpp/G) Was ren-
dered unfavourable due to very large penalty imposed by the
desolvation component (AGpg,cg) While the net nonpolar com-
ponent (AE,q,) and (AGsonp) Were observed to have made
highly favourable contribution to the binding free energy.

The results obtained from both the methods suggested
very robust interactions of both VPN and DOX independently
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as well as in combination. The predicted binding free ener-
gies (AGpjng) based on MM-GBSA method for VPN and DOX
independently are —24.12 kcal/mol and —20.07 kcal/mol and
in combination of both are —19.99 kcal/mol and —24.17 kcal/
mol respectively. In contrary the AGy,q based on MM-PBSA
for VPN and DOX independently are estimated to be
—24.04 kcal/mol and —18.65 kcal/mol and in combination of
both are —21.41 kcal/mol and —22.70 kcal/mol. The differen-
ces in the calculation of AGyi,g between both the methods
derived from the difference in calculation of the contribution
to the polar solvation energy, which is slightly higher in the
MM-PBSA calculation compared to MM-GBSA. Very robust
van der Waals (AEypw) interactions of VPN, to the magnitude
of —33.51 kcal/mol to —30.34 kcal/mol were observed for the
single and combination with DOX. Similarly, the AEypw inter-
actions of DOX, to the magnitude of —34.04kcal/mol to
—35.39 kcal/mol were observed for the DOX in single as well
as in combination with VPN. The net polar component
(AGgg-polar) Was observed to be unfavourable in the inter-
action of VPN and DOX with tubulin (Table 2). The

Table 2. Calculated binding energy and its various componentes (kcal/mol) of
VPN and DOX in single as well as in combination binding with tubulin. The
values in bold represent the AGbind energy of molecules with tubulin based
on MM-GBSA and MM-PBSA methods.

Energy
component Tub_VPN Tub_Dox  Tub_DOX+ VPN Tub_VPN + DOX
AEypw —33.51 —34.04 —30.34 —35.39
AEg e —289.96 —11.21 —313.55 —20.00
AEgas —323.46 —45.26 —343.88 —55.40
AGgg-polar 303.25 29.70 327.49 35.98
AGsop-np —3.92 —4.51 —3.60 —4.75
AGso-68 299.33 25.19 323.90 31.23
AGpind-GBsA -24.12 -20.07 -19.99 -24.17
AGpg 303.16 30.92 325.94 36.8913
AGsoLnp —3.74 —4.31 —3.46 —4.1931
AGsoy-pg 299.42 26.61 32248 32.6982
AGping-pBsa -24.04 -18.65 -21.41 -22.7061
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unfavourable polar contributions were observed to have
overcome the highly favourable non-polar components
(AGso-np) @mong both the dimers. Interactions of VPN and
DOX with tubulin seem to be steered by nonpolar compo-
nent. This can be explained by the tendency of the nonpolar
residues to readily bury themselves in the hydrophobic pock-
ets and displaced water.

Per residue energy decomposition

Energy contribution of each residue in the binding of VPN
and DOX was calculated using the MM-GBSA method to
investigate the details of protein-ligand interactions at the
atomic level. The predictive binding energy (AGpingcs) of
VPN and DOX independently was decomposed into per resi-
due basis and included in (Figure 5a). Per residue contribu-
tion of binding free energy is an efficient way to investigate
the details of protein-ligand interactions at the atomic level.
We have identified the residues that have the greatest
impact, in terms of total energy (AGping) contribution, known
as hotspot amino acids. For the binding of VPN, residue
Met323 showed the largest contribution (< —1.0kcal/mol),
while five other binding site residues (Glu183, GIn245,
Asp327, Ala352 and Val353) contributed energy > —1.0 kcal/
mol (Figure 5a). Moreover, the hot spot amino acids make
considerable electrostatic energy contribution towards the
binding of VPN. The hotspot amino acids in the binding of
VPN were slightly different in presence of DOX. For the bind-
ing of DOX, residues Ala283, Leu361, Lys362 and Met363,
showed the largest contribution of < —1.0kcal/mol, whereas
four other amino acids Tyr281, Arg282, Ala283 and Leu284)
contributed > —1.0 kcal/mol energy (Figure 5b). All these hot
spot amino acids make considerable van der Waals energy
contribution towards the binding of DOX. The hospot amino
acids were found to be diffferent in the presence of VPN.

Energy contribution (kcal/mol)
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Figure 5. Energy contribution of hotspot residues. A. The energy contributions of binding site amino acids within 12 A of the docked ligand in terms of E,gw, Ecles
Epolar and Eyoar With VPN when it docked in single with the tubulin as well as in the co-complex of tubulin-DOX (A) and with DOX when it docked in single with
the tubulin as well as in the co-complex of tubulin-VPN (B). For binding of VPN the hotspot amino acids make considerable electrostatic interaction energy,
whereas for binding of DOX the hotspot amino acids make considerable van der Walls interaction energy. Further, for the binding of VPN and DOX with tubulin
only and in co-complex with the ligands slightly different set of binding site amino acids are involved.
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Scheme 1. Reaction Conditions. (i) 48% HBr, Br,-water, RT, 2 h, 90% (ii) 4-Vinylphenyl boronic acid, Pd (TPP), NaHCOs, EtOH/Toluene, 120 °C, 48 h, 60%.
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Figure 6. The inhibition of cellular proliferation of human breast cancer cell, MCF-7 with the treatment of VPN and DOX in single as well as in combination regi-
men at different concentration after 48 h and 72 h post-treatment. The ICs, value amounted to 30.17 uM and 19.92 uM, respectively for 48h and 72 h with VPN.
Similarly, the 1Cso value amounted to 0.621 M and 0.193 pM, respectively for 48h and 72h with DOX. In contrast, the approximately 50% inhibition of cellular
inhibition was achieved in a combination regimen of VPN (20 pM) and DOX (0.05 uM) after 48 h and 72 h post-treatment.
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Figure 7. Panels (A) to (D) depicts cell cycle distribution of MCF-7 cells in a two-dimensional disposition as determined by flow cytometry at 24 h of treatment
with 20 uM of VPN, 0.5 uM of DOX as single regimen and 25 uM of VPN + 0.05 uM of DOX in combination regimen. Results represent cell cycle progression at
mitosis followed by the appearance of a characteristic hypodiploid (sub-G1) DNA peak is indicative of apoptosis.
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Figure 8. Induction of apoptosis caused by VPN (20 uM) and DOX (0.5 uM) alone and in their combination regimen (VPN, 25 uM + DOX, 0.05 uM) based on flow
cytometric analysis. PE/Annexin V staining was used in combination with 7-Amino-Actinomycin (7-AAD) to distinguish among 4 subpopulations: cells negative for
both 7-AAD and Annexin V staining were viable cells (in the lower left quadrant: Q3); 7-AAD-negative, Annexin V-positive cells were early apoptotic cells (in the
lower right quadrant: Q4); 7-AAD-positive, Annexin V-positive cells were primarily late apoptotic/necrotic cells (in the upper right quadrant: Q2); and the 7-AAD-
positive but annexin V-negative cells were necrotic cells (in the upper left quadrant: Q1).

Chemistry

It is always a challenge to synthesize the derivatives of
noscapine because of their highly sensitive C-C bond
between isoquinoline and isobenzofuranone ring compo-
nents which are labile to strong acids and base. However,
we have optimized the reaction conditions for the amalgam-
ation of the VPN from 9-bromonoscapine as starting material
without affecting the sensitive C-C bond (Scheme 1).

The starting material 9-bromo noscapine required was
synthesized from natural a-noscapine in excellent yield (90%)
using bromine water in 48% aqueous HBr by modifying the
reaction conditions described in literature (Naik et al., 2011).
9-bromonoscapine reacted with 4-vinyl boronic acid,
Pd(TPP);, NaHCOs in ethanol/toluene at 120°C for 48h to
give VPN in 60% yield. Both 9-Br-Noscapine and VPN were
fully characterised by 'H, *C NMR and mass (ESI and HRMS),
IR spectral data (supporting material $1-S9).

Biology

VPN inhibits proliferation of cancer cells

Inspired by the in silico prediction of binding affinity of VPN
with tubulin dimer, we evaluated its efficacy in inhibiting
proliferation of MCF7 cells in single and in combination regi-
men with DOX. The anti-proliferative activity for both VPN
and DOX increases with the increasing concentration in sin-
gle as well as in combination regimen (Figure 6). The 1Csq
value amounted to 30.17 uM and 19.92 uM, respectively for
48h and 72h with VPN. Similarly, the ICs, value amounted
to 0.621 uM and 0.193 uM, respectively for 48 h and 72 h with
DOX. Surprisingly, the inhibition of cellular proliferation was
significantly achieved with the combination dose regimens
of both VPN and DOX. The approximately 50% inhibition of

cellular proliferation was found to be at VPN (20 uM) and
DOX (0.05 uM). The dose dependent cytotoxicity of DOX has
been reduced considerably with the combination dose regi-
men of VPN.

Cell cycle analysis

Inhibition in the progression of cell cycle of MCF7 with treat-
ment of VPN (20 uM) and DOX (0.5 uM) in single regimen as
well as in combination regimen (25 uM VPN + 0.05pM DOX)
was evaluated using flow cytometer. Both the compounds
showed an increase in the sub-G1 cell populations compared
to the control after 24 h of treatment in single and in com-
bination regimen. The representative two-dimensional dis-
position of cell cycle profile is included in Figure 7. The sub-
G1 population with treatment of VPN was increased to
8.12%, whereas with DOX it was increased to 16.1% and in
combination it further increased to 19.4% in comparison to
control. A cell must lose enough DNA to appear in the sub-
G1 area. Therefore, both the compounds, VPN and DOX in
single as well as in combination induce apoptosis to cancer
cell. Maximum cells were arrested at the G2M transi-
tion phase.

Apoptosis assay

We approached to determine the induction of apoptotic cell
death to breast cancer cell, MCF-7 by treatment of VPN and
DOX in single as well as in combination regimen.
Biochemically, the early apoptotic stage is characterized by
the loss of lipid asymmetry between the two plasma mem-
brane leaflets, resulting in an irregular externalization of
phosphatidylserine (PS) from the inside leaflet to the outer
leaflet, which can be measured fluorescently by annexin V
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CONTROL

VPN+DOX

Figure 9. Morphologic indicators of apoptotic cell death include chromatin condensation along with nuclear envelope and plasma membrane blebbing followed
by formation of small apoptotic bodies. Panels show morphological evaluation of nuclei stained with DAPI in the absence and presence of the VPN (20 uM) and
DOX (0.5 uM) in single as well as in combination regimen (25 uM VPN + 0.05 uM DOX). Several typical features of apoptotic cells such as condensed chromosomes,
numerous fragmented micronuclei, and apoptotic bodies are evident (indicated by white head arrows) upon 48 h of drug treatment. (Scale bar = 15 um).
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Figure 10. Decrease of fluorescence intensity of tubulin by VPN and DOX in
single as well as in combination regimen. Tubulin (2.0 uM) was incubated with
VPN (20 pM) and DOX (0.5 1M) alone as well as in combination regimen (25 uM
of VPN + 0.05 uM of DOX) and the emission spectra were collected (310 nm -
400nm). Both VPN and DOX in single as well as in combination regimen
showed a concentration-dependent quenching of the intrinsic tubulin fluores-
cence emission intensity indicating the binding of both VPN and DOX to tubu-
lin. The more reduction in tubulin fluorescence intensity in combination
regimen of both VPN and DOX, compared to their single binding, revealed
combination effect with the tubulin. The graph is a representative of three
independent experiments.

binding. In contrast, a cell-impermeant DNA-binding fluores-
cent dye, propodium iodide can only enter the cells when it is
at the stage of late apoptosis when membrane permeability is
compromised. The apoptotic cells can be quantified to a large
extent by FACS analysis. In FACS analysis, green Annexin V
staining was used together with an impermeant red DNA bind-
ing dye, 7-Amino-Actinomycin (7-AAD), to quantitate the
population of apoptotic, necroptotic and necrotic cells. Figure
8 depicts the density plots of 7-Amino-Actinomycin (7-AAD)
versus PE conjugated Annexin V fluorescence obtained
from untreated control and treated MCF7 cells. Cells nega-
tive for both 7-AAD and Annexin V staining were viable
cells (in the lower left quadrant: Q3); 7-AAD-negative,
Annexin V-positive cells were early apoptotic cells (in the
lower right quadrant: Q4); 7-AAD-positive, Annexin V-posi-
tive cells were primarily late apoptotic/necrotic cells (in the
upper right quadrant: Q2); and the 7-AAD-positive but
annexin V-negative cells were necrotic cells (in the upper
left quadrant: Q1). As anticipated, MCF-7 cells treated with
both VPN (20 uM) and DOX (0.5 uM) in single as well as in
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Figure 11. Enhancement of tubulin-ANS fluorescence by VPN and DOX in sin-
gle as well as in combination regimen. Tubulin (2.0 M) was incubated without
(control) or with VPN (50 uM and 20 uM), DOX (0.5 uM) and in their combin-
ation regimen (VPN 25puM+DOX 0.05puM, VPN 50 uM +DOX 0.05 pM), fol-
lowed by incubation with ANS (50 uM). The samples were excited at 380 nm
and the emission spectra were collected (390 nm - 500 nm). Both VPN and DOX
in single as well as in combination regimen showed a concentration-dependent
increase in tubulin-ANS fluorescence indicating the binding of both VPN and
DOX to tubulin. The increase is more in tubulin-ANS fluorescence in combin-
ation regimen of both VPN and DOX, compared to their single binding,
revealed combination effect with the tubulin. The graph is a representative of
three independent experiments.

combination regimen (VPN, 25uM -+ DOX, 0.05uM) for a
duration of 24h and 48h resulted in significant increase of
apoptotic cells compared to control untreated cells (Figure
8). The percentage of early apoptotic cells were measured
to be 4.79%, 10.9%, 20.4% and late apoptotic cells were
estimated to be 5.97%, 3.8%,16.9%, respectively with treat-
ment of VPN and DOX in single as well as in combination
regimen after 24 h of post-treatment. Parenthetically, a simi-
lar significantly high percentage of early apoptotic cells of
12,5%, 14.1% and 21.3% as well as late apoptotic cells of
7.90%, 10.5% and 32.1%, respectively with treatment of
VPN and DOX in single as well as in combination regimen,
after 48h, was measured and compared to controlled
untreated cells (Figure 8). The control untreated cell culture
contained only very few early apoptotic (0.83% and 2.01%
after 24h and 48h post-treatment) and late apoptotic cells
(217% and 2.14% after 24h and 48h post-treatment),
which were considered as the background cell death due
to regular trauma during cell culture (Figure 8). This is
mainly because we have taken unstained cell for gating
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and put the stained control cells in the FACS analysis as
per the standard protocol (Ji et al., 2017; Sivakumaran
et al, 2018; Fan et al, 2018).

DAPI staining

The induction of apoptosis to cancer cells were observed
under the inverted fluorescence microscope after treatment
of VPN and DOX in single as well as in combination. The
apoptotic cells have significant alteration in the membrane
architecture, blebbing of plasma membrane, chromatin con-
densation and chromosomal breakdown (apoptotic bodies)
which could be visualized using the 4/, 6-diamidino-2-phenyl-
indole (DAPI) fluorescent dye. Both the compounds in both
single and in combination, efficiently induced apoptosis to
cancer cell as revealed in the (Figure 9).

Tryptophan quenching assay

Tubulin is autofluorescence due to presence of tryptophan
amino acid. Thus any alteration in its conformation with lig-
and binding decreases emission fluorescence - a tool used to
recognize a ligand binding. The reduced fluorescence inten-
sity in presence of increasing concentration of VPN and DOX
in single as well as in combination, indicates the binding of
both the compounds with tubulin. The relative percentage
of decrease in fluorescence intensity was 19.86% and 25.31%
respectively in presence of 20uM VPN and 0.5uM of DOX
and 55% in combination of DOX (0.05uM) and VPN (25 puM)
(Figure 10). The significant reduction in tubulin fluorescence
intensity in the combine regimen of VPN and DOX indicate
co-binding of both the ligands with tubulin.

ANS-binding assay (8-anilino-1-naphthalenesulfonic acid)
Next, we investigated the impact of VPN (20 and 50 pM) and
DOX (0.5uM) on tubulin conformation changes using ANS
binding assay, a fluorescent probe that binds to the protein’s
hydrophobic patches. Treatment of tubulin with VPN (20 and
50 pM) showed increase in tubulin-ANS fluorescence intensity
in a way dependent on the concentration (Figure 11). It
showed 20% and 31.8% increase in fluorescence intensity at
20 and 50 uM of VPN, whereas 23.39% in presence of DOX
(0.5uM) in comparison to unbound tubulin. Similarly, the
tubulin-ANS fluorescence intensity was increased to 45% in
combination treatment of VPN (25 uM) and DOX (0.05 uM) as
well as 54% in combination of VPN (50uM) and DOX
(0.05 uM). The relative increase in tubulin-ANS fluorescence
intensity in combination treatment of VPN and DOX com-
pared to single regimen indicates the synergistic effect in
the binding of both the compounds onto their respective
binding sites.

Conclusion

Our extensive molecular modelling, cellular and biochemical
studies, revealed the combination effect of newly designed
derivative of noscapine (VPN) and docetaxel. The calculated
binding free energy with tubulin was found to be different

when both the ligands bound together into their respective
binding sites compared to their single binding. The molecu-
lar dynamic simulation for 100 ns also revealed stable inter-
action of both the ligands with the tubulin. The inhibition of
proliferative activity was significantly enhanced when both
the drugs were used for treatment together, compared to
their single regimen treatment. Similarly, the combination
regimen of VPN and DOX effectively interfered with the cell
cycle progression and induced apoptosis to cancer cells com-
pared to their single regimen treatment. Both the ligands
also found to bind with tubulin efficiently at combination
treatment. Taken together, it is concluded that the anticancer
activity of both VPN and docetaxel could be combined for
better therapeutic outcome with minimum toxicity. Thus the
synergistic use of VPN and DOX could be a novel approach
for the treatment of breast cancer.
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