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ARTICLE INFO ABSTRACT

Keywords: To strategically design and frame the novel 9-Br-Trimethoxybenzyl noscapine (BTN) with rigorous binding af-
Anti-tumour activity finity with tubulin, the structure of noscapine (an antitussive plant alkaloid) was amended with a 3,4,5-trime-
gg;]( thoxybenzyl group linked at the seventh position on the lower isobenzofuran unit. Molecular modelling and

cellular studies were used to assess the single and combined effects of BTN and docetaxel (DOX). Based on MM-
GBSA, the individual calculated free energies of binding (AGupind, pred) for BTN and DOX with tubulin was found
to be —25.69 and —38.17 kcal/mol, respectively, and —29.11 and —36.60 kcal/mol based on MM-PBSA.
Furthermore, the AGpind,pred Of BTN was dramatically reduced (—30.02 and —33.54 kcal/mol using MM-GBSA
and MM-PBSA) in presence of DOX on its binding pocket. Parenthetically, the AGpind,prea Of DOX was substan-
tially decreased (—39.17 and —35.80 kcal/mol using MM-GBSA and MM-PBSA) in the presence of BTN on its
binding pocket. The synergistic activity of both compounds on tubulin dimmer was also analysed using purified
tubulin, where a combined regimen of BTN and DOX attenuated tubulin intensity to a higher value (50%)
particularly in comparison to the single regimen. In comparison to the single regimen, the combination of BTN
and DOX effectively prevents cell cycle progression during the G2/M phase and induces breast cancer cell death.
Female athymic nude mice were xenografted with MCF-7 cells and the efficacy of (150 mg/kg/day), DOX (1.5
mg/kg/week, i.v.), or in combination (BTN 300 mg/kg/day + DOX 1.0 mg/kg/week, i.v) were evaluated.

Combination drug therapy
Molecular docking
Tubulin binding affinity

1. Introduction

Noscapine, an opium alkaloid kills tumour cells by targeting micro-
tubules in a delicate manner [1]. It binds to tubulin dimer with a 1:1
stoichiometry, disrupts the tubulin conformation upon binding and
prohibits the dividing cells at mitosis [1]. However, the cancer cells
selectively undergo apoptosis because of the compromised cell cycle
check points, without hampering the normal dividing normal cells. In-
dividual polymerizing MTs in vitro were meticulously monitored in real
time, as well as plus end growth over time, and it was discovered that
noscapine strongly influenced MT-dynamics by raising the amount of
time MTs spent in an attenuated pause state, instead of engaging in
appropriate depolymerization and repolymerization [2]. Despite the
fact that noscapine primarily influences MT dynamics, cellular activities
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that do not necessitate accurate control of MT dynamics may be unaf-
fected. As a consequence, noscapine has no apparent neurotoxic effect
on peripheral nerve histologies [3]. It has favourable pharmacokinetics
in vivo (clearance within ~10 h) [4] and has no major potential adverse
effects in tissues such as bone marrow, spleen, kidney, heart, liver, or
small intestine and does not supress primary humoral immune responses
in mice [3,5]. Noscapine and its synthetic derivatives have been shown
in vitro and in mouse xenograft models to be effective in the treatment of
tumour cells derived from multiple of cancers, including colon cancer,
non-small cell lung cancer, brain cancer, ovarian cancer, kidney cancer,
prostate cancer, leukaemia, breast cancer, and bladder cancer [1,5,6].
To add to its anti-tumor activities, Noscapine is a non-narcotic derivative
of opium that lacks analgesic, sedative and respiratory-depressant
properties and it does not promote euphoria or dependence [7]. These
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properties enable its therapeutic use at high concentrations (~150-300
mg/kg body weight) in murine models of human cancer [3,6]. It has
been demonstrated that it is effective in attenuating proliferation and
designed to induce apoptosis in human ovarian cancer cell lines that are
susceptible or resistant to paclitaxel [2]. Noscapine’s oral bioavailability
provides additional support for its clinical progress as a novel anticancer
agent [8].

In the clinic, it has been used as orally available, safe antitussive drug
for over 40 years. The harmless effect of noscapine and its derivatives
(noscapinoids) on normal tissues is one of the important clinical pa-
rameters [9]. Although several synthesized derivatives of noscapine
showed promising in vitro activities against tumour cell lines, they were
unable to achieve complete elimination of the disease despite increased
dosages [9]. As a result, combination therapy emerged as a response, in
which the anticancer activity of two drugs targeted to tubulin may
added up and improve the therapeutic outcome. As an example, com-
bination of docetaxel and other agents has previously been reported to
boost the anti-cancer activity of lung cancer [10-13] as well as breast
cancer [14]. The combination drug regimen of docetaxel with noscapine
derivatives also offers another advantage to minimize the toxicity of
docetaxel with normal healthy cells by decreasing its toxic dose and
compensating its activity with increasing concentration of noscapinoids.
In this study we have used one of the derivatives of noscapine, 9-Br-Tri-
methoxybenzyl-Noscapine (Fig. 1a) which exhibited improved anti-
cancer efficacy compared to noscapine [15] and evaluate its combined
effect with the clinically approved anticancer agent, docetaxel (Fig. 1b)
based on in vitro cellular and in vivo animal model.

2. Materials and methods
2.1. Biology

2.1.1. Cell lines and chemical

The lead compound noscapine and DOX were originally derived from
Sigma. BTN, a noscapine analogue, Scheme 1 was chemically synthesied
as stated below [15] and refined by HPLC (purity >82%). The MCF-7
breast cancer cell line (ER-positive and PR-positive) was procured
from the NCCS, Pune, Maharashtra, India, and all other standard
chemicals, reagents, and media utilised mostly in cell culture were
purchased from Mediatech, Cellgro. After receiving the cell line, frozen
stocks were formed immediately in early passages and were used in the
study. Stock solution of BTN (100 mM) was prepared in dimethyl sulf-
oxide (DMSO) and kept at —20 °C for until use. The MCF-7 cancer cells
were grown in the ATCC-recommended (DMEM, Pan Biotech) supple-
mented with 10% fetal bovine serum (FBS) and 1% antibiotics. The cell
lines were cultured at an optimum condition and favourable
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temperature of 37 °C, 5% CO,, and 95% humidity. Cells were
sub-cultured at 70-80% confluence with trypsin-EDTA (0.25%) for
bioassays.

2.1.2. Invitro cytotoxicity studies

The cell proliferation analysis was performed using the 3-(4, 5-dime-
thylthiazol-2-yl)-2, 5, ditetrazolium bromide (MTT) assay [16]. Briefly,
MCF-7 cells were plated in 96 well microtiter plates at a density of 3 x
108 cells/well. After post attachment of 24 h the cells were treated with
the variable concentrations of test compounds, BTN (5, 10, 25 and 50
pM) and DOX (0.001, 0.01, 0.1 and 1 pM) in single and also in their
combinations (5 pM BTN +1 pM DOX, 10 pM BTN +0.1 pM DOX, 25 pM
BTN + 0.01 uM DOX and 50 pM BTN +0.001 pM DOX) for a duration of
48 h and 72 h. After incubation, 10 pl of MTT (5 mg/ml) was poured to
each well and incubated for 4 h, at 37 °C and the absorbance was
measured in a plate reader (Varioskan, Thermo Scientific) at 570 nm.
The ICsq values of the compounds (the drug concentration supposed to
kill 50% of the cells) were estimated by using online resource Quest
GraphTM ICs analyser (AAT Bioquest, Inc., Sunnyvale, CA, USA, https
://www.aatbio.com/tools/ic50-calculator). Further, the combined
concentration of BTN and DOX to inhibit 50% of the cellular prolifera-
tion of MCF-7 was also determined. The experiments were repeated in
triplicates.

2.1.3. Drug combination effect study using isobologram analysis

Isobolographic analysis, a dose-oriented geometric method of eval-
uating drug interactions, was used to analyse the interactions between
BTN and DOX [17]. Due to the non-constant dose ratio of BTN and DOX,
a normalized isobologram for the two drugs at their ED50 was auto-
matically generated by CompuSyn ver. 1.0. Briefly, the fractional
inhibitory concentration (FIC) of each drug was calculated based on the
equation stated below.

FIC— Conc.of drug in combination to produce 50% cell kill

Conc.of drug alone to produce 50% cell kill

According to the previously reported interpretation, the FIC of both
BTN and DOX were summed to generate the Sum FIC value [17].

2.1.4. Inhibition of cell cycle assay

The cell cycle inhibition experiment was carried out using BTN (10
pM) and DOX (0.1 pM) in single and in combination regimen (25 pM
BTN + 0.01 pM DOX) against MCF-7 cells following the standard pro-
tocol described by Dash et al. [17]. The percentage of cells in various
phases of the cell cycle was quantified using a flow cytometer (FACS
Calibur).

CH: ©O HO (4]

(b) Docetaxel (DOX)

Fig. 1. The molecular structures of (a) rationally designed derivative, Br-TMB-Nos and (b) a clinical tubulin binding anticancer agent, Docetaxel (DOX) used in

the study.
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Scheme 1. Synthesis of BTN Reaction Conditions: (i) Bro-H0 in 48% Aqueous HBr, 2 h, RT, 90% (ii) NaN3/Nal, DMF, 4 h, 135-140 °C, 75% (iii) 3,4,5 Trime-

thoxybenzyl bromide/NaH/TBAI, Toluene: NMP (1:1), 70 °C, 2 h, 82%.

2.1.5. Apoptosis assay

We want to test whether the arrest of cell cycle progression with the
treatment of BTN and DOX alone or in their combination regimen, in-
duces apoptosis to cancer cells. The MCF-7 cells (5 x 10%) were cultured
in 35 mm plates and incubated overnight at a temperature of 37 °C with
5% COq. The cells were subsequently treated for up to 24 h with BTN
alone (10 pM), DOX alone (0.1 pM), and in their combination regimen
(25 pM BTN+0.01 pM DOX). The apoptosis mediated by the BTN and
DOX in single or in their combine effect was detected by following the
manufacturer’s protocol on a flow cytometer (BD FACS Calibur).

2.1.6. DAPI staining

Inverted fluorescence microscopy was used to detect apoptotic cells
treated with test drugs after DAPI exposure. MCF-7 cells were cultured
on poly-L-lysine coated coverslips in 6-well plates and were treated with
BTN (10 pM) alone, DOX (0.1 pM) alone and in their combined con-
centration (25 pM BTN+0.01 pM DOX) for 48 h. After incubation,
coverslips were maintained in cold methanol, rinsed with PBS, labelled
with DAPIL, and mounted on slides. An inverted fluorescence microscope
was used to acquire the images (Nikon Eclipse Ts2R-FL). Changes in
morphology were used to distinguish apoptotic cells in comparison to
control cells.

2.1.7. Morphological analysis using acridine orange (AO) & ethidium
bromide (Etbr) staining

MCF-7 cancer cells were cultured and treated with BTN (10 pM)
alone, DOX (0.1 pM) alone or in their combination (25 pM BTN+0.01
puM DOX) BTN and DOX at ICsg concentration for 48 h. Coverslips were
fixed in cold methanol and then rinsed in PBS after incubation. It was
mounted on slides after staining with acridine orange and ethidium
bromide. An inverted fluorescence microscope was used to capture im-
ages (Nikon Eclipse Ts2R-FL). Apoptosis was detected by distinct vari-
ations in morphology relative to untreated cells.

2.1.8. Tryptophan quenching assay

Tubulin is auto fluorescent due to the availability of several trypto-
phan amino acids. As a result, a fluorescence assay was employed to
investigate the reducing pattern of tubulin’s inherent tryptophan fluo-
rescence with the treatment of BTN and DOX in single or combination
regimens to assess their binding affinity with tubulin. In brief, 2 pM of
Tubulin was incubated in a water bath with desired concentration of
BTN (10 pM, 25 pM), DOX (0.1 pM) and in combination regimen ((DOX
0.01 pM + BTN 25 pM) (DOX 0.001 pM + BTN 50 pM)) in PEM buffer
(50 mM Pipes, 3 mM MgS0O4, 1 mM EGTA, pH 6.8) for 45 min at 35 °C
[16].

2.1.9. BTN and DOX hindered the conformational changes of tubulin
ANS was previously used to determine the conformational changes of
tubulin when a ligand bound to it [14-16]. In brief, 2 pM tubulin in PEM
buffer was incubated for 45 min at 35 °C with different concentrations of
BTN (10 pM and 25 pM), DOX (0.1 pM) or in their combination regimen
(DOX 0.01 pM + BTN 25 pM, DOX 0.001 pM + BTN 50 pM). After adding

ANS (50 pM) the samples were incubated in dark at 25 °C for an addi-
tional 15 min. The studies were conducted out twice.

The binding of chemical substances to protein and their impact on
the overall secondary structure conformational changes of protein was
demonstrated using far-UV circular dichroism spectra [18]. Purified
tubulin (5 M) was incubated with BTN at a concentration of 10 pM, DOX
at a concentration of (0.1 pM) or in their combination regimen (DOX
0.01 pM + BTN 25 pM) in a 25 mM pipes buffer, pH 7.4 for 45 min at a
temperature of 35 °C.

2.1.10. In vivo antitumor effect against MCF-7 breast tumors

All experimental protocols involved in this study were approved by
the Institutional Animal Ethics Committee of National Institute of
Pharmaceutical Education and Research (NIPER), Hyderabad (1548/
PO/Re/2011/CPCSEA) and followed by the guidelines of “Committee
for the Purpose of Control and Supervision of Experiments on Animals”
of Govt. of India. About 8-10 weeks old female BALB/c athymic nude
mice were housed in the Animal Care Facility. Suspensions of 1 x 108
human epithelial breast adenocarcinoma MCF-7 cells in 0.2 ml of PBS
were inoculated subcutaneously into the anterior flank. After 7-10 days
when the tumors were palpable treatment of the test compounds were
administrated by oral gavage. The mice were randomly divided into 4
groups. Group-1 (control) consisted of 5 animals which received daily
gavage of vehicle solution (acidified water, pH 4.0) only, Group-2
consisted of 5 animals were treated with BTN (150 mg/kg/day),
Group-3 (5 animals) were treated with DOX (1.5 mg/kg/week, i.v) and
Group-4 consisted of 5 animals were treated with combination dose of
BTN and DOX (BTN 300 mg/kg/day + DOX 1.0 mg/kg/week, iv).
Tumor volumes were estimated on alternate days by measuring tumors
in three transverse direction diameters with vernier callipers and
calculating their volume as I1/6 (length x width x height) [19]. The
control group of mice was euthanized at day 30 owing to their large
tumor volumes this served as the endpoint for control animals.
Accordingly, this end point was used to evaluate tumor size in untreated
mice with those administered with BTN and DOX.

2.1.11. Histopathological and hematological analyses

On day 40, tumor-bearing mice treated with BTN and DOX in a single
or combined regimen, as well as untreated tumor-bearing mice, received
an overdose (0.2 ml) of 3.5% chloral hydrate, blood was drawn from the
heart, and CBC analysis was conducted using a CBC analyzer (CDC
Technologies, Oxford, CT). Following that, the animals were perfused
with a 3% paraformaldehyde and 2% glutaraldehyde combination in
PBS (pH 7.4), and the liver, kidney, spleen, lung, heart, brain, intestines,
and tumour were extracted and analysed for histological investigation.
Tissues were mounted in paraffin, sectioned, and stained with hema-
toxylin and eosin. The tissues were observed under the microscope for
toxicity evaluation.



S.G. Dash et al.
2.2. Molecular modeling

2.2.1. Ligand and protein preparation

The ligands, BTN and DOX, were developed using the maestro mo-
lecular builder (Schrodinger). Using a macromodel, the energy of the
molecular structures was minimized [20,21]. The molecular structures
were also geometrically enhanced using Jaguar (Schrodinger), and we
incorporated hybrid density functional theory with Becke’s
three-parameter exchange potential and the Lee-Yang-Parr correlation
functional (B3LYP) [22,23] and the 3-21G* basis set [24,25] based on
the theory of (B3LYP).

The tubulin-amino noscapine co-crystal structure (PDB ID: 6Y6D,
resolution 2.20 [o\) [26] was being used for docking studies of BTN and
DOX alone or in combination. The structure was developed using the
multistep protein preparation wizard (Schrodinger) with the default
parameters set up [27].

2.2.2. Molecular docking

The reported noscapinoid, BTN and DOX binding pockets on tubulin
were defined using the Glide grid-receptor generation programme with a
concentric grid box at the centroid of the binding site. The mass centre of
the docked ligand was intended to be confined inside an inner bounding
box 14 A x 14 A x 14 A. In addition, an outer grid box with dimensions
of 20 A x 20 A x 20 A was designed, inside which all ligand atoms of a
valid configuration must be contained. Both BTN and DOX were docked
onto af-tubulin heterodimer at their respective binding cavity using
Glide-XP docking (Schrodinger) [28]. Further, to the complex of BTN
and tubulin, the DOX was docked and similarly to the complex of DOX
and tubulin, the BTN was docked. A Glide XP scoring algorithm was used
to assess the binding interactions of both ligands [29,30].

2.2.3. Molecular dynamics simulation

The docked complexes of (a) BTN with tubulin, (b) DOX with
tubulin, (¢) both BTN and DOX in association with tubulin, and (d)
tubulin alone were used for the simulation model using the previously
mentioned parameters, algorithms, and methodology [17,31-35]. Dur-
ing simulations, the non-bonded interaction cut-off was adjusted at 10 A,
electrostatics was evaluated using Particle Mesh Ewald (PME), and
bonds were strictly controlled by using the shake algorithm [36-38].
The Langevin thermostat was used to control the temperature of the
simulation. Every 20 ps, coordinates for each molecular system were
saved.

2.2.4. Post scoring with MM-GBSA and MM-PBSA

The excepted free energy of binding (AGpind,pred) of BTN and DOX in
their single binding and in co-binding with tubulin was estimated as the
ensemble average of the binding free energy of a total of 250 snapshots
from the last 5 ns duration of the MD simulation trajectory of their
respective molecular systems [17]. To derive AGpind,pred We adopted
MM-GBSA and MM-PBSA methods [39].

3. Results
3.1. (A)

3.1.1. BTN inhibits proliferation of breast cancer cells

We assessed the effectiveness of BTN and DOX in inhibiting the
proliferation of human breast cancer cell line (MCF-7) both in single and
in combination regimens by MTT assay. With the increasing concen-
tration of BTN and DOX both in single and in combination, the anti-
proliferative activity was found to increase (Fig. 2). The ICsq value for
BTN was found to be 10.461 pM and 8.266 pM for 48 h and 72 h of
treatments. In contrast, the ICsq value for DOX was demonstrated to be
0.033 pM and 0.014 pM for 48 h and 72 h of treatments. Furthermore,
our investigation showed that the combination dose of BTN (25 pM) and
DOX (0.01 uM) revealed a reduction in cell survival of less more than
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Fig. 2. Br-TMB-Nos and DOX in single as well as in combination regimen at
different concentrations inhibit cellular proliferation of human breast cancer
cell, MCF-7 after 48 h and 72 h treatment. The ICs, value amounted to 10.461
pM and 8.266 pM, respectively for 48 h and 72 h with Br-TMB-Nos Similarly,
the ICso value amounted to 0.033 pM and 0.014 pM, respectively for 48 h and
72 h with DOX. In contrast, approximately 50% inhibition of cellular inhibition
was achieved in a combination regimen of Br-TMB-Nos (25 pM) and DOX (0.01
pM) after 48 h and 72 h post-treatment. The graph is presented as mean + SD,
(n = 3), and considered significant if *p < 0.05, **p < 0.01, ***p < 0.001
compared to the control.

50% at 48 and 72 h of treatment. Therefore, the dose-dependent cyto-
toxicity of DOX may be reduced dramatically with the combination dose
regimen of BTN.
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3.1.2. BTN with DOX exerts synergistic effect against breast cancer cells

To assess the anticancer efficacy of BTN and DOX in combination
regimens, MTT assays have been performed to measure the inhibition in
the proliferation of MCF-7 cells at different concentrations. The com-
bined effect of BTN and DOX on cell proliferation was evaluated by
isobolographic analysis. In MCF-7 cells, the synergistic interaction of the
BTN and DOX was observed in the combination of the compounds
(Fig. 3). The Sum FIC (combination index) values were found to be less
than one (0.8 and 0.6 for 48 and 72 h respectively) for 50% cell killing
suggesting synergistic interaction of BTN and DOX, rather than additive
or antagonistic.

3.1.3. Cell cycle profile and mitotic arrest of cancer cells at G2/M
transition level with therapeutic interventions of BTN and DOX

Based on fluorescence-activated cell sorting analysis of drug-treated
or untreated MCF-7 cells at 24 h, the efficacy of BTN (10 pM) and DOX
(0.1 pM) in single as well as in their combination regimen (25 pM
BTN+0.01 pM DOX) on the cell cycle was examined. Untreated cells
exposed to vehicle solvent (DMSO) exhibited a typical cell cycle profile,
with 63.1% in G1, 5.63% in S, and 29.4% in G2/M. (Fig. 4). Further-
more, after 24 h of treatment with BTN and DOX alone or in combina-
tion, there’s an increase in sub-G1 cell populations compared to the
control. After 24 h treatment the BTN showed only 34.4% in G1 phase,
14.2% in S phase, and 38.7% in Ga/M phase. Parenthetically, treatment
with DOX after 24 h revealed 6.86% in G1 phase, 3.33% in S phase and
73.5% in G2/M phase. In contrast, the combination effect of both BTN
and DOX after 24 h revealed 23% in G1 phase, 8.23% in S phase and
39.2% in G2/M phase. The sub-G1 population was increased to 12.6%
with treatment of BTN, whereas with DOX it was enhanced to 16.4% and
in combination, it further increased to 29.6% in comparison to control.
Therefore, both the compounds, BTN and DOX alone or in combination
showed promising activity in MCF-7 cells which is an event reminiscent
of apoptosis to the cancer cell. Maximum percentages of cells were
arrested at the G,/M transition phase.

(a) 48 hour treatment
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3.1.4. Induction of apoptotic DNA fragmentation in MCF-7 cells

We next evaluated the induction of apoptosis by BTN and DOX in
single or in combination regimen; using 7-Amino-Actinomycin (7-AAD)
versus PE-conjugated Annexin V fluorescence staining kit via flow cy-
tometer. The number of apoptotic MCF-7 cells continued to increase
following 24 h treatment with BTN (10 pM) and DOX (0.1 pM) alone and
in combination regimen (BTN 25 pM + DOX 0.01 pM) in comparison to
the control group.

Cells in the first quadrant were necrotic cells, which were Annexin V
negative cells. Leading to a shortage of plasma membrane integrity, the
second quadrant represents late apoptotic cells that were both Annexin
V and 7-AAD positive. The third quadrant includes normal viable cells
that were not stained with both Annexin V and 7-AAD. The fourth
quadrant comprises early apoptotic cells that were Annexin V positive.
In compared to the control group, there was a substantial increase in
early and late apoptotic cells following BTN and DOX exposure, both
individually and in combination. The percentage of early apoptotic cells
measured were 5.33%, 13.5%, 27.8%, and estimated late apoptotic cells
were 6.37%, 4.77%, 13.7%, respectively with the treatment of BTN and
DOX in single or in combination regimen. The untreated control cells
used to have relatively few early and late apoptotic cells (1.16% and
2.17%, respectively), which were regarded as background cell death due
to regular stress during cell culture. (Fig. 5). This is mainly because we
have taken unstained cells for gating and put the stained control cells in
the FACS analysis as per the standard protocol [40,41]; (Ji et al., 2017).

Furthermore, morphological analysis with DAPI, Acridine orange,
and Ethidium bromide staining demonstrated activation of apoptosis in
MCF-7 cancer cells, characterised by condensed chromatin and many
fragmented nuclei with BTN and DOX treatment in single and combi-
nation regimens (Fig. 6 and Fig. 7).

3.1.5. Both BTN and DOX bind tubulin

The innate ability of proteins to display the intrinsic fluorescence
provided a way to understand the environmental changes after
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Fig. 3. Normalized isobologram for Br-TMB-Noscapine and DOX in the MCF-7 cell line. (A) The data points on the lower left on the diagonal line show synergistic
effect. (B) In the plot between Fractional affected (Fa) and combination index (CI) using MCF-7 cell line, the data point below the horizontal line indicates syn-
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Fig. 4. Representative figure of flow-cytometry analysis for cell cycle progression with the treatment of BTN (10 pM) and DOX (0.1 pM) in single as well as
combination (25 pM of BTN + 0.01 pM of DOX) for 24 h s. The cells were arrested in the Go/M phase of cell cycle followed by the appearance of hypodiploid DNA

peak (sub-G1) which indicate the apoptosis.

interaction with the quencher. Tubulin is autofluorescence due to the
presence of tryptophan amino acid. Tryptophan (Trp), tyrosine (Tyr)
and phenylalanine (Phe) are the three natural aromatic amino acids that
are fluorescent in nature, but Trp does have the highest fluorescence
quantum yield [42]. Any alteration in the conformation of protein due to
ligand binding decreases the emission fluorescence - a standard tool
used to recognize a ligand binding with protein. The decreased fluo-
rescence intensity in the presence of increasing concentrations of BTN
(10 pm, 25 pm) and DOX (0.1 pm) both in single and in combination
tends to suggest the binding of both the compounds with tubulin. The
percentage reduction in fluorescence intensity was 35.03%, 23.31% and
55% respectively in the presence of 10 pm BTN, 25 pm BTN and 0.1 pm
DOX. Further reduction in fluorescence intensity of 69.9% and 79.2%
respectively (Fig. 8) were observed in the combination treatment (DOX
0.01 pm + BTN 25 pm) and (DOX 0.001 pm + BTN 50 pm). The sub-
stantial decrease in tubulin fluorescence intensity in the combination
treatment demonstrated the co-binding of both BTN and DOX with
tubulin.

3.1.6. Effects of BTN and DOX in single and combination treatment altered
the surface features of tubulin

In order to further examine the conformational changes in tubulin
due to binding of BTN (10 pm and 25 pm) and DOX (0.1 pm) in single as

well as in combination regimen, we probed the purified tubulin with
ANS (8-anillino-1-naphthalenesulfonic acid). Treatment of tubulin with
BTN and DOX in single and in combination demonstrated a significant
improvement in tubulin-ANS fluorescence intensity (Fig. 9). It is re-
ported an improvement in the fluorescence intensity was increased to
25% and 35.8% at 25 pM and 50 pM of BTN, 40.39% with 0.1 pM of DOX
compared to unbound tubulin. In contrast, combination effect of both
the compounds, DOX 0.01 pM + BTN 25 pM, DOX 0.001 pM + BTN 50
pM, increased the fluorescence intensity of the tubulin-ANS to 57% and
69%, respectively, demonstrating a progressive incremental disruption
of the tubulin’s structural integrity through linking the two agents
together.

We investigated the impact of both drugs, BTN and DOX, on tubulin’s
secondary conformation using far-UV circular dichroism spectroscopy.
Both compounds perturbed tubulin’s secondary structure, as seen by
restricted rotation of amino acids in tubulin treated with BTN (25 pM)
and DOX (0.1 pM) alone and in their combination (25 pM BTN + 0.01
puM DOX). The elliptical shifts produced by BTN and DOX treatment,
both alone or in combination, revealed a significant disruption in the
structure of the alpha helix (Fig. 10), demonstrating that both com-
pounds interact with the secondary structure of tubulin.
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Fig. 5. Analysis of apoptosis cell death induced by Br-TMB-Nos (10 pM) and DOX (0.1 pM) and in combination (25 pM of Br-TMB-Nos + 0.01 pM of DOX) based on
flow cytometric analysis. PE conjugate of Annexin V was used in combination with 7-Amino-Actinomycin (7-AAD) to distinguish among 3 subpopulations: PE™~ and
7-AAD - population indicates viable cells (bottom left quadrant); PE "- and 7-AAD + population indicates early apoptotic cells (lower right quadrant); PE + and 7-
AAD + population indicate late apoptotic cells (top right quadrant).
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Fig. 6. The changes in morphological characters such as chromatin condensation, plasma membrane blebbing and appearance of small, apoptotic bodies indicated
the apoptotic cells. Panels show morphological evaluation of nuclei stained with DAPI in the absence and presence of the Br-TMB-Nos (10 pM) and DOX (0.1 pM) in
single as well as in combination regimen (25 pM Br-TMB-Nos + 0.01 pM 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 pm).

3.1.7. Reduction in tumor volume with treatment of BTN and DOX in single considerably decreased tumour volume in comparison to control (P <
and in combination regimen against MCF-7 xenograft model 0.001) (Fig. 12A). Tumor volume was reduced to 630 mm® with com-

Treatment with BTN (150 mg/kg/day), DOX (1.5 mg/kg/week, i.v), bination treatment, 960 mm® with DOX and 1145 mm? from the tumor
or in combination (BTN 300 mg/kg/day + DOX 1.0 mg/kg/week, i.v) size of 1630 mm® from the untreated control group on day 40 post
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Fig. 7. The changes in morphological characters such as chromatin condensation, plasma membrane blebbing and appearance of small, apoptotic bodies indicated
the apoptotic cells. Panels show morphological features of cells stained with AO, Etbr and merged channel of AO and EtBr. The apoptotic cancer cells were evident

after 48 h of drug treatment.

tumour implantation. On 40t day tumor cell inoculation, mice were
sacrificed and tumors were removed and weighted. All untreated mice
developed solid tumors in sizes ranging from 4.5 g to 10.5 g (mean 7.8 +
2.0 g). Whereas, among the treated groups the tumor size was signifi-
cantly regressed and showed only small palpable tumors. Fig. 12B shows
the mean tumor weighttstandard error of control and experimental
mice. Compared to untreated control mice, inhibition of tumor growth
by the treatment of BTN and DOX in single or in combination regimen
was statistically significant (p < 0.001). It is clear from these data that
combination treatment of both BTN and DOX reduces the tumor size
quite dramatically compared to single regimen treatment of BTN and
DOX. In addition, we did not observe any apparent weight loss after drug
treatment compared to the control group of mice (Fig. 12C).

3.1.8. Treatment of BTN and DOX in single and in combination does not
cause any detectable toxicity

The severe side effects during chemotherapeutics are a major
concern in the treatment of cancer patients. Tubulin binding agents for

example, vinca alkaloids and taxanes, while clinically approved, are
known to cause adverse side effects [43]. As a result, there is a need to
identify a drug regimen that is both safe and well-tolerated. We exam-
ined the liver, kidney, spleen, lung, heart, brain, and colon of
tumor-bearing mice to see if BTN and DOX in single or in combination
treatment causes toxicity to normal tissues. Treatment with the com-
pound BTN at daily doses of 150 mg/kg, DOX at a tolerated dose of 1.5
mg/kg body weight once in a week and in their combination treatment
(BTN 300 mg/kg/day + DOX 1.0 mg/kg/week, i.v.) fails to reveal any
detectable pathological abnormalities in normal tissues involved in
normal cell proliferation. H&E staining of paraffin-embedded 5.0
micron-thick sections of the liver, kidney, spleen, lung, heart, colon, and
brain is shown at 200x magnification in Fig. 11. Brain microsections
revealed no infracted regions. The hepatic lobular architecture was
normal. Normal glomeruli, proximal and distal tubules, interstitium,
and blood vessels were found in the kidneys. Among the groups, the
heart muscle exhibited normal morphology. Normal alveoli and bron-
chial airways have been seen in the lung tissue. Furthermore, we
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Fig. 8. Decrease of fluorescence intensity of tubulin by Br-TMB-Nos and DOX in
single as well as in combination regimen. Tubulin (2.0 pM) was incubated with
Br-TMB-Nos (10 pM and 25 pM) and DOX (0.1 pM) alone as well as in com-
bination regimen (25 pM of Br-TMB-Nos + 0.01 pM of DOX and 50 pM of Br-
TMB-Nos + 0.001 pM of DOX) and the emission spectra were collected (310
nm-400 nm). Both Br-TMB-Nos and DOX in single as well as in combination
regimen showed a concentration-dependent quenching of the intrinsic tubulin
fluorescence emission intensity indicating the binding of both Br-TMB-Nos and
DOX to tubulin. The more reduction in tubulin fluorescence intensity in com-
bination regimen of both Br-TMB-Nos and DOX, compared to their single
binding, revealed combination effect with the tubulin. The graph is a repre-
sentative of three independent experiments.
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Fig. 9. Enhancement of tubulin-ANS fluorescence by Br-TMB-Nos and DOX in
single as well as in combination regimen. Tubulin (2.0 pM) was incubated
without (control) or with Br-TMB-Nos (10 pM and 25 pM), DOX (0.1 pM) and in
their combination regimen (Br-TMB-Nos 25 pM + DOX 0.01 pM, Br-TMB-Nos
50 pM + DOX 0.001 pM), followed by incubation with ANS (50 pM). The
samples were excited at 380 nm and the emission spectra were collected (390
nm-500 nm). Both Br-TMB-Nos and DOX in single as well as in combination
regimen showed a concentration-dependent increase in tubulin-ANS fluores-
cence indicating the binding of both Br-TMB-Nos and DOX to tubulin. The in-
crease is more in tubulin-ANS fluorescence in combination regimen of both Br-
TMB-Nos and DOX, compared to their single binding, revealed combination
effect with the tubulin. The graph is a representative of three independent
experiments.
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Fig. 10. Characterization of Br-TMB-Nos (25 pM) and DOX (0.1 pM) in single
as well as in combination regimen (25 pM of Br-TMB-Nos + 0.01 uM of DOX)
—tubulin interactions in single as well as in combination. Far-UV circular di-
chroism spectra indicating disruption of tubulin secondary structure by Br-
TMB-Nos and DOX. The graph represents one of the three independent
experiments.

observed differences in hematological parameters between treated and
control animals.

3.2. (B)

3.2.1. Molecular modelling

Noscapinoids bind at the a- and B-tubulin interfaces, while docetaxel
binding is biased to p-tubulin [28]. In order to determine the binding
score of both ligands individually and in combination, we docked them
in three cycles of molecular docking at their appropriate binding pocket
on tubulin. DOX and BTN were docked into their respective binding
pockets separately in the first cycle. Both BTN and DOX docked well into
their respective binding sites, with docking scores of —4.37 kcal/mol
and —5.74 kcal/mol (Table 1). The difference in docking scores in
presence of DOX in second cycle, indicate the binding score is improves
due to the binding of DOX, altered to —7.24 kcal/mol. Similarly, in the
third cycle, DOX was docked into its binding pocket in the tubulin-BTN
co-complex to evaluate to see how its docking score altered in the
presence of BTN. The presence of BTN further lowered the docking score
of DOX to —6.44 kcal/mol (Table 1).

3.2.2. Molecular dynamics simulation

A molecular dynamic simulation of 100 ns was used to analyse the
binding of the both BTN and DOX to tubulin (Tub-BTN and Tub-DOX
complexes) or in combination with tubulin (Tub-DOX + BTN). To
evaluate the stability of the system, the root means square deviations
(RMSD) and the root means square fluctuations (RMSF) of Ca-atoms
were computed for all frames throughout the simulation (Fig. 13 and
Fig. 14). Both BTN and DOX were shown to bind to tubulin throughout
the simulation. Both BTN and DOX were reported to fit well within the
binding cavity. The BTN docked effectively at the interface of o- and
B-tubulin, while DOX binding is more oriented towards p-tubulin
(Fig. 15 a, b). Their binding strategy with tubulin was illustrated by
ligplots in both individual and combination forms (Fig. 16). Ligplot
showed the hydrogen and hydrophobic bonds of the individual ligands
and the amino acids involved in their binding sites. Two hydrogen bonds
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Fig. 11. Represent H&E staining of paraffin-embedded 5.0 micron-thick sections of (a)Vehicle, (b) Br-TMB-Nos (150 mg/kg/day), (c) DOX (1.5 mg/kg/week), (d)
(Br-TMB-Nos 300 mg/kg/day + DOX 1.0 mg/kg/week), the colon, brain, heart, lung, spleen, kidney and liver at a magnification of 200x.

contributed to the interactions of BTN with the binding pocket of
tubulin. The amino acids present in the binding site involved in the
binding of BTN are Glu 345(D), Asn 337(D), Leu 333(D), Pro 175(D),
Glu 176(A), Ser 340(D), Val 351(D), Glu 336(D), Phe 343(D). Two
binding site amino acids, Asn 349(D) and Asn 350(D) provided two
hydrogen bonds to strengthen the binding of BTN to tubulin with a
distance of 2.65 A and 2.95 A, respectively. Likewise, the binding of
DOX involves two hydrogen bonds with a distance of 2.86 A with the
amino acids Arg 369 D and Gly 370 D. The respective amino acids
involved in the binding of DOX are His 229(D), Lys 372 (D), Leu 286 (D),
Arg 284(D), Pro 274(D), Leu 371 (D), Gln 281 (D), Thr 276 (D), Leu 217
(D), Pro 360 (D). In comparison, there is a significant difference in the
amino acids involved in the interaction of BTN as well as DOX in the co-
complex of tubulin with both the ligands.

3.2.3. Post scoring with MM-GBSA and MM-PBSA

The binding free energy and its constituents for both BTN and DOX
with tubulin were computed individually and in combination and are
shown in Table 2. Using both the MM-GBSA and MM-PBSA approaches,
the overall average of the free energy of binding was calculated utilizing
a last 250 frames from the last 5 ns of trajectories. The binding free
energy for BTN and DOX with tubulin was found to be —25.69 and
—38.17 kcal/mol based on MM-GBSA as well as —29.11 and —36.60
kcal/mol based on MM-PBSA, respectively. Further, the binding free
energy of BTN was reduced to —30.02 and —33.54 kcal/mol using MM-
GBSA and MM-PBSA calculation when DOX was present on its binding

10

pocket, indicating combination effect of both the ligands. Parentheti-
cally, the free energy of binding of DOX was reduced to —39.17 and
—35.80 kcal/mol using MM-GBSA and MM-PBSA, respectively when
BTN was present in binding with tubulin. The calculated binding free
energy was splitted into its numerous energy components such as the
electrostatic, van der Waals, and solvation. Both van der Waals (AEypw)
and the electrostatic component (AEg; ) were known to contributed
significantly to the binding free energy. However, the net polar contri-
bution (AGgele,pB/GB) = AEele + AG(p/GB)) Was rendered unfavourable
due to very large penalty imposed by the desolvation component (AGpg,
Gs) while the net nonpolar component (AEyqw) and (AGsornp) were
observed to make a highly favourable contribution to the free energy of
binding.

It is a surprise and interesting finding that the two ligands, BTN and
DOX bind at two different binding sites on tubulin, yet they can syner-
gize the effect. The confusion is mainly because BTN binds tubulin at the
colchicine-binding site and colchicine is a microtubule depolymerizing
drug. This effect of colchicine is quite opposite to that of DOX which is a
polymerization promoting drug. However, it is clearly well documented
by independent workers the two microtubule drugs, paclitaxel and
noscapine, showed synergistic effect on prostate cancer (LNCaP and PC-
3) and also on ovarian cancers [2,44]. Likewise, there are clear credible
reports of synergism between noscapine and another microtubule
interacting drugs vinca-alkaloids on other types of cancers [45].

It was previously reported that the microtubule interacting drugsi.e.,
paclitaxel and its derivative DOX as well as noscapine and its derivatives
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Fig. 12. (A) Progression profile of tumor growth kinetics of in-vivo antitumor
effect of therapeutics doses of Br-TMB-Nos and DOX alone and in combination
regimen on human MCF-7 tumor xenograft model (tumor volumes, mm?® +
SEM), (B) and measurement of body weight following Br-TMB-Nos alone, DOX
alone and in combination regimen.Female nude mice with xenograft MCF-7
tumors received various treatments for 30 days starting on day 7 post tumor
implantation. The mice were treated with Br-TMB-Nos (150 mg/kg/day), DOX
(1.5 mg/kg i.v.) and Br-TMB-Nos 300 mg/kg/day + DOX 1.0 mg/kg/week.
Control group received vehicle only. Statistical significance of the difference in
tumor volume of treatment groups compared with control. P < 0.01 (%,
significantly different from untreated controls; **, significantly different from
Br-TMB-Nos and DOX single treatments). This experiment was repeated twice.

bind at distinct places on the dimmers of tubulin [46]. It was also
demonstrated that noscapine and its derivatives bind at a site over-
lapping with colchicine binding site at the interface between o- and
B-tubulin [20,21,26]. However, the effect of colchicine-binding on
microtubule dynamics is quite distinct from the effect of noscapine or its
derivative, BTN. While most of the tubulin subunits bound to colchicine
depolymerize (except for one terminal colchicine-tubulin at each pro-
tofilament) noscapine can bind stoichiometrically to tubulin which is
capable of polymerization into normal looking (although somewhat
flexible microtubule lattice) [1]. Further, colchicine at very low
sub-stoichiometric concentrations was found to leave
microtubule-polymer mass intact and only modulate dynamics.
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Table 1
Molecular docking results (Glide XPgqe) and the relevant energy parameters of
BTN and DOX in single as well as in combination with tubulin.

Ligands Glide Glide Eyqw Glide Ecoy Glide
XPscore (kcal/mol) (kcal/mol) Energy
(kcal/mol) (kcal/mol)
BTN —4.37 —42.758 —6.445 —49.202
DOX —5.74 —37.737 -5.176 —42.914
BTN docked with —7.24 —45.902 -11.713 —57.615
Tubulin_DOX
complex
DOX docked with —6.44 —25.078 —9.396 —25.474

BTN complex

Root Mean Square Deviation
A)

2 - Tubulin+Br-TMB-Nos+DOX
— Tubulin+Br-TMB-Nos
14 — Tubulin+DOX
0 T T T T
0 20 40 60 80 100
Time (ns)

Fig. 13. Root mean square deviations (RMSD) of Ca carbon atoms of tubulin
only and in complex with Br-TMB-Nos (Tubulin + Br-TMB-Nos), with docetaxel
(Tubulin + DOX) and with both docetaxel and Br-TMB-Nos (Tubulin 4+ DOX +
Br-TMB-Nos) during 100 ns of MD simulation. The relative fluctuation in the
RMSD of the Ca atoms is very small after ~20 ns of the simulation. The time
step of 20 ps was used during the simulation. The topmost 5 frames from the
MD simulation trajectory with lowest total energy were considered to generate
the average structure.
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Fig. 14. 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 heter-
odimer. Different levels of flexibility of these residues were noticed in the
bound form of tubulin with Br-TMB-Nos and DOX in single as well as in com-
bination. Most of the residues showed flexibilities >5 A in case of tubulin bound
with Br-TMB-Nos and DOX as compared to the free tubulin heterodimer, indi-
cating that these residues seem to be more flexible as a result of binding.

Noscapine on the other hand can modulate microtubule-assembly even
at high stoichiometric concentrations [6]. In contrast, ppaclitaxel binds
on microtubule surface lattice on the luminal side of the microtubule
near the lateral interaction site of the protofilaments thus stabilizing MT
lattice against depolymerization.

Although a lot of definitive experimental and modeling work
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Fig. 15. (a) Br-TMB-Nos and DOX are well accommodated inside their respective binding site of tubulin. (b) Snapshot of both the ligands obtained. The binding site
is represented as macromodel surface according to a- and p-tubulin (a-tubulin is represented in brown colour and p-tubulin is represented in blue colour).
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Fig. 16. The ligplot analysis showing the binding mode of (a) Br-TMB-Nos in single and (b) DOX in single. The binding site residues involved in the interaction of Br-
TMB-Nos are slightly different in combination with DOX. Similarly, the ligplot analysis showing the binding mode of (c) Br-TMB-Nos when it is docked into the co-
complex of tubulin and DOX (d) DOX when it is docked into the co-complex of tubulin and Br-TMB-Nos. The binding site residues involved in the interaction of DOX
are slightly different in combination with Br-TMB-Nos. The hydrogen bonds formed (if any) are represented as dotted lines.

remains to be done but it is quite reasonable hypothesis that paclitaxel 4. Conclusion

(and DOX) and noscapine (or BTN) can bind simultaneously. Of course,

it is also possible, that mechanisms independent of tubulin/microtubule The extensive molecular modelling, cellular, biochemical studies and
contribute to the synergism. Multiple cellular processes/mechanisms in vivo animal experimental studies revealed the combination effect of
such as hypoxia, stress response including C-Jun N-terminal kinase, one of the derivatives of noscapine (BTN) and docetaxel compensating
apoptosis, autophagy, etc. have shown subtle changes as an effect of for the lack of previous DOX-based combination therapy studies.
parent molecules noscapine as well as taxol. Meanwhile, the synergistic effect of BTN + DOX have been extensively
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Table 2

Predicted free energy of binding (AGping,pred) and its various components (kcal/
mol) of BTN and DOX in single as well as in combination binding with tubulin.
The values in bold represent the (AGpind,prea) Of molecules with tubulin based on
MM-GBSA and MM-PBSA methods.

Energy BTN DOX Tub_DOX + BTN  Tub_BTN + DOX
Component

AEypw —32.61 —40.26 —40.44 —37.07
AEgg —280.66 —14.23 —333.55 —35.00
AEgas —313.34  -52.26 —344.44 —60.45
AGGB-polar 318.85 25.50 317.49 30.98
AGsor-np —3.72 —4.65 —3.70 —4.55
AGsor.-G 270.32 27.29 303.70 31.53
AGpind-GBSA —25.69 —38.17  —30.02 —39.17
AGpp 313.06 30.02 323.44 30.09
AGsor.np —3.44 —-4.71 —3.46 —4.09
AGsor-pB 270.12 25.51 328.28 32.09
AGhpind-pBsa —29.11 —36.60 —33.54 —35.80

elucidated for the first time. Stable interaction was revealed in molec-
ular dynamic simulation for 100 ns from both of the ligands with
tubulin. These findings corroborate the inhibition of noscapine ana-
logues on tubulin organization into microtubules, as well as the subse-
quent cellular implications, which are done through the same
biochemical pathways. All these findings in our study might form a
theoretical basis for the combination of BTN and DOX. Inhibiting pro-
liferative activity was substantially enhanced when both the drugs used
in combination as compared to their single regimen treatment. Both the
ligands also have been found to bind with tubulin efficiently at combi-
nation treatment. We used a normal therapeutic dose of BTN 150 mg/
kg/day administered by oral gavage and DOX 1.5 mg/kg/week admin-
istered by i.v. injection to assess the combination potential of the two
drugs in context to their anticancer efficacy in MCF-7 xenograft tumors
in nude mice. Our in vivo results demonstrated that a combination has a
synergistic effect on a murine breast cancer model induced by the MCF-
7. Surprisingly, non-significant change in weight loss for BTN, DOX, and
in their combination treatment, indicating that BTN and DOX have a
favourable toxicity profile. Brought together, concrete evidence has
been established that a reasonable combination of BTN and DOX could
produce synergistic effects on cancer therapies, which is extremely
encouraging for improving therapeutic potential in preclinical and
clinical research.
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