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Rational design of biaryl pharmacophore inserted noscapine
derivatives as potent tubulin binding anticancer agents
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Abstract We have strategically designed a series of nos-
capine derivatives by inserting biaryl pharmacophore (a
major structural constituent of many of the microtubule-tar-
geting natural anticancer compounds) onto the scaffold
structure of noscapine. Molecular interaction of these
derivatives with o, -tubulin heterodimer was investigated by
molecular docking, molecular dynamics simulation, and
binding free energy calculation. The predictive binding
affinity indicates that the newly designed noscapinoids bind
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to tubulin with a greater affinity. The predictive binding free
energy (AGying, prea) Of these derivatives (ranging from
—5.568 to —5.970 kcal/mol) based on linear interaction
energy (LIE) method with a surface generalized Born (SGB)
continuum solvation model showed improved binding
affinity with tubulin compared to the lead compound, natural
a-noscapine (—5.505 kcal/mol). Guided by the computa-
tional findings, these new biaryl type o-noscapine congeners
were synthesized from 9-bromo-a-noscapine using opti-
mized Suzuki reaction conditions for further experimental
evaluation. The derivatives showed improved inhibition of
the proliferation of human breast cancer cells (MCF-7),
human cervical cancer cells (HeLa) and human lung ade-
nocarcinoma cells (A549), compared to natural noscapine.
The cell cycle analysis in MCF-7 further revealed that these
compounds alter the cell cycle profile and cause mitotic
arrest at G2/M phase more strongly than noscapine. Tubulin
binding assay revealed higher binding affinity to tubulin, as
suggested by dissociation constant (K4) of 126 = 5.0 uM for
Sa, 107 £50uM for Sc¢, 70 = 4.0 yM for Sd, and
68 £ 6.0 uM for Se compared to noscapine (Ky of
152 + 1.0 uM). In fact, the experimentally determined value
0f AGping, expt (calculated from the Ky value) are consistent
with the predicted value of AGying, prea calculated based on
LIE-SGB. Based on these results, one of the derivative 5e of
this series was used for further toxicological evaluation.
Treatment of mice with a daily dose of 300 mg/kg and a
single dose of 600 mg/kg indicates that the compound does
not induce detectable pathological abnormalities in normal
tissues. Also there were no significant differences in hema-
tological parameters between the treated and untreated
groups. Hence, the newly designed noscapinoid, Se is an
orally bioavailable, safe and effective anticancer agent with a
potential for the treatment of cancer and might be a candidate
for clinical evaluation.
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Introduction

The crucial role that microtubules play in cell division makes
them a suitable target for the development of chemothera-
peutic drugs against the rapidly dividing cancer cells. This
has been demonstrated by the clinical success of several
vinca alkaloids (that depolymerize and decrease polymer
mass of microtubules) and taxanes (that polymerize and
bundle microtubules) [1, 2] in treating a variety of human
cancers. However, their clinical success has been limited by
the emergence of drug resistance as well as undesirable
toxicities such as gastrointestinal effects (diarrhea, nausea,
vomiting), myelosuppression (leucopenia), alopecia and
peripheral neuropathies due to the blockage of axonal
transport [3-5]. Besides, their high lipophilicity demands use
of co-solvents like cremophor, which are associated with
undesirable side effects. These shortcomings have prompted
the search for novel microtubule-targeting compounds that
display favorable toxicity profiles, have better therapeutic
indices and superior pharmacological profiles.

It is crucial that microtubule dynamics must be aptly
regulated for error-free progression of the cell cycle through
mitosis. As a result, the compounds that either accelerate or
suppress microtubule dynamics are correlated with impaired
mitotic spindle function and inhibition of cell proliferation
[6]. Previously, it has been demonstrated that noscapine and
its derivatives (noscapinoids) suppress the dynamic insta-
bility of microtubule, thereby block cell cycle progression at
mitosis, followed by apoptotic cell death in a wide variety of
cancer cell types [7-10]. Furthermore, it has been observed
that noscapine and one of its derivative (EMO11, 9-bromo-
noscapine) regress human xenografts of lymphomas, mela-
noma and breast tumors implanted in nude mice with little
or no toxicity to the kidney, heart, liver, bone marrow,
spleen, or small intestine, and do not inhibit primary
humoral immune responses in mice [7, 11-13]. In addition,
the water solubility, and feasibility for oral administration,
also represent valuable advantages of noscapine over many
other antimicrotubule drugs [14-16]. Hence, among the
various antimitotic agents that perturb microtubule dynam-
ics, noscapinoids constitute an emerging class of compounds
receiving considerable attention. In our attempt to improve
the therapeutic activity of noscapine, we have recently
designed several noscapine analogues with better therapeutic
indices [17-20].

However, it may be noted that compounds such as
colchicine also perturbs the assembly dynamics of micro-
tubules by interacting with tubulin, and remained as a
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useful lead candidate for generation of anticancer agents.
However, due to toxic side effects, the use of colchicine as
an anticancer agent is limited. Recent reports examined
several natural and synthetic compounds such as Stegana-
cin, Eupomatilone, Bufalvin, Wuwezi B and C, a-DDB,
Bicyclol (Fig. 1) with colchicine like architecture and were
found to possess potential anticancer activity. The observed
anticancer activity was attributed to the pharmacophoric
biaryl like structural features. Previously this pharmaco-
phore feature has been used to synthesize biaryl based
anticancer agents to act as antitumor agents with inhibition
of tubulin assembly [21, 22]. With these observations, we
envisaged that embedding the biaryl pharmacophore onto
the natural noscapine could lead to new hybrid analogues.

As a proof of concept, in this study we computationally
designed six derivatives of noscapine (Fig. 2) by inserting
biaryl pharmacophore onto the scaffold structure of nos-
capine. Their binding affinity with tubulin was evaluated
by means of molecular dynamics simulation followed by
rescoring using MM-PBSA (molecular mechanics Poisson
Boltzmann surface area) and MM-GBSA (molecular
mechanics generalized Born surface area). All the designed
noscapine analogues showed good predictive binding
affinity with tubulin. Inspired from the molecular modeling
calculations, we have synthesized these new derivatives
from 9-bromo-noscapine by exploring optimized Suzuki
reaction conditions and evaluated their biological activity.
These new derivatives exhibited higher binding affinity for
tubulin as evidenced by tryptophan quenching assay com-
pared to the lead molecule, noscapine, and significantly
inhibited proliferation of cancer cells. They displayed
much lower ICs( values in comparison to noscapine in the
three human cancer cell lines (MCF-7, a breast epithelial
cancer cell line; HeLa, a cervix cell line and A549, a lung
cancer cell line). The precise mechanism of action of these
compounds involved a selective arrest of cell cycle pro-
gression at the G2/M phase in rapidly dividing cancer cells.
Further, toxicity evaluation of one of the representative
compounds from this series with mice revealed no evi-
dence of toxicity. Our results indicate that the biaryl
pharmacophore inserted noscapine derivatives are potential
candidates for clinical evaluation.

Materials and methods

Molecular modeling

Computational design of noscapine derivatives
and structure optimization

Molecular structures of the newly designed noscapine
derivatives S5a-5f (Fig. 2) as well as the previously
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Fig. 1 Natural and synthetic analogues that are acting as microtubule
targeting agents consist of biaryl (red) pharmacophore as major
structural constituent. This pharmacophore feature is crucial for their
biological activity

reported derivatives (used as training set, Fig. 3) were built
using molecular builder of Maestro (version 9.2, Schro-
dinger). All these structures were energy minimized using
Macromodel (version 9.9, Schrédinger) and OPLS 2005
force field with PRCG algorithm (1,000 steps of minimi-
zation and energy gradient of 0.001). Each structure was

Fig. 2 Molecular structure of
newly designed noscapinoids,
S5a—5f. These molecules are
rationally designed by
substituting biaryl
pharmacophore from the natural
and synthetic analogues that are
acting as microtubule targeting
agents onto the scaffold
structure of noscapine

(C30H29NO-), 5d

assigned an appropriate bond order using Ligprep (version
2.5, Schrodinger, LLC). Complete geometrical optimiza-
tion of these structures was carried out using hybrid density
functional theory (DFT) with Becke’s three-parameter
exchange potential and the Lee—Yang—Parr (B3LYP) cor-
relation functional [23, 24] and using basis set 3-21G*
[25]. Jaguar (version 7.7, Schrodinger, LLC) was used for
the geometrical optimization of the ligands.

Protein preparation

The X-ray crystallographic structure of colchicine—tubulin
complex (PDB ID: 1SAOQ, resolution 3.58 10\) was used for
molecular docking of noscapine derivatives. This low resolu-
tion crystal structure was further refined as reported earlier [20].
Briefly, missing hydrogen atoms to the structure were added
using Maestro (version 9.2, Schrédinger) and the hydrogen
bond network of the complex was optimized using multi-step
Schrodinger’s protein preparation wizard (PPrep). The missing
amino acids in the crystal structure were filled using Prime
(version 3.0, Schrodinger). Furthermore, all atoms molecular
dynamic (MD) simulation of protein structure in explicit water
was carried out using GROMACS 4.5 [26] and AMBER99SB
force field for 10 ns to refine the protein structure. A total of

(C31H34NOy), 5¢

(C27H26N,07), Se (C3oH3oN,0g), 5f
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Fig. 3 Molecular structure of previously reported noscapinoids used in the training set

5,000 frames were generated in the MD trajectories, out of
which the last 2,000 frames were used to generate an average
structure of the tubulin. The overall quality of the model, ste-
reochemical values and non-bonded interactions were evalu-
ated using PROCHECK [27], ERRAT [28] and VERIFY3D
[29]. The PROCHECK results showed 94.8 % of backbone
angles were in allowed regions with G-factors of —0.12. Ra-
machandran et al. [30] plot analysis revealed only 1.6 % resi-
dues in the disallowed region and 2.3 % residues in generously
allowed regions. The ERRAT score was 88.402 that is within
the range of high quality model. Similarly, the VERIFY3D
score of 95.25 % indicates a good quality model.

Molecular docking

The receptor-grid file was generated at the centroid of the
noscapinoid binding site [31] using Glide (version 5.7,
Schrddinger). A bounding box of size 12 Ax12Ax12A
was defined in tubulin and centered on the mass center of
binding site in order to confine the mass center of the docked
ligand. The larger enclosing box of size 12 Ax12A x
12 A which occupied all the atoms of the docked poses was
also defined. The scale factor of 0.4 for van der Waals radii
was applied to atoms of protein with absolute partial charges
<0.25. All the ligands were then docked into the binding site
using Glide XP (extra precision) and evaluated using a Glide
XPg.ore function [32, 33].

Molecular dynamics simulations

The best docked complexes of each compound, Sa—5f with
tubulin were used as initial conformation for MD simula-
tion. The MD simulation was performed with the AMBER
11.0 software suite [34] using AMBER99SB force field
[35]. Each molecular system was solvated with ~32,300
TIP3P water molecules in a truncated octahedral box and
neutralized by adding 32 Na™ ions. The molecular system
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was energy minimized in three consecutive rounds, each of
which consisted of 500 steps of steepest descent followed by
500 steps of conjugate gradient energy minimization method
so as toremove the bad contacts in the structure. With the force
constants of 10 and 2 kcal™! A2 respectively, positional
restraints were applied to the whole system for the first and
second round, to allow for relaxation of the solvent molecules.
In the third round the whole system was minimized without
restraint. Finally, a 10 ns MD simulation was carried out with
a time step of 2 fs following 200 ps of equilibration at 300 K.
SHAKE algorithm [36] was applied for all the bonds involv-
ing hydrogen bonds. The non bonded cut off distance was
10 A, and the particle mesh ewald (PME) method [37] was
applied to treat long-range electrostatic interactions. The
temperature of the system was regulated using the langevin
thermostat. All equilibration and subsequent MD stages were
carried out in an isothermal isobaric (NPT) ensemble using
Berendsen barometer [38, 39] with a target pressure of one bar
and trajectories was recorded every 1 ps.

Binding energy calculation of 5a-5f with tubulin using
MM-PBSA and MM-GBSA

Binding energy of newly designed compounds, Sa—5f with
tubulin was calculated based on both MM-PBSA and MM-
GBSA [40, 41] using AMBER 11.0. For this calculation, a
total of 1,000 snapshots generated from the last 2 ns of the
MD trajectory for each molecular species were considered.
The binding energy (AGy;,q) of the molecular species for
each frame was then calculated as the difference between
the energy of complex with the combination energy of
receptor and ligand as follows.

AGbind = Gcomplex - (Greceptor =+ Gligand)
The free energy, G for each species was calculated as

described previously using the MM-PBSA and MM-GBSA
methods.
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G = Egs+ Gy~ TS
Egas = Eint + Eele + Evaw
Gele,p(GB) = Eele + Gpp(GB)
Gsot = Gsol-np + Gpa(GB)
Gyol—np = YSAS

Here, Eg,s is the gas-phase energy; E;, is the internal
energy; E.. and E,q,, are the Coulomb and van der Waals
energies, respectively. Eg,s was calculated using the
AMBER ff99SB molecular mechanics force field. Gy is
the solvation free energy which is decomposed into polar
and non-polar contributions. Gpggg) is the polar solvation
contribution calculated by solving the PB and GB equa-
tions. Geje, pe(GB) 1S the polar interaction contribution.
Gsolnp 18 the non-polar solvation contribution and was
estimated via the solvent-accessible surface area (SAS),
which was determined using a water probe radius of 1.4 A.
T and S are the temperature and the total solute entropy,
respectively.

Ligand-residue interaction decomposition

The binding energy contribution of each residue with the
noscapinoids Sa—5f within the binding cavity of o- and B-
tubulin dimer was analyzed using MM-GBSA decompo-
sition process utilizing MM-GBSA module in Amber 11.0.
The binding energy of each ligand-residue pair includes
three energy terms: the van der Waals contribution
(AE,q4w), the electrostatic contribution (AE,.) and the sol-
vation contribution (AEy,). All the energy components are
calculated using the same frames obtained from MD tra-
jectories that were used for calculation of binding energy of
ligands.

Predictive binding free energies of 5a-5f towards tubulin
using LIE-SGB method

The predictive binding free energy (AGping prea) Of the
newly designed noscapinoids Sa-5f with tubulin was
determined using linear interaction energy model (LIE)
with a surface generalized born (SGB) continuum solvation
model proposed by Jorgensen [42] based on the experi-
mental AGp;ng oxp data of a set of training set molecules
(Fig. 3). Liaison package (version 5.6, Schrodinger, LLC)
was used to estimate the binding free energy based on
empirical scoring function:

AGbinﬂl.pred = (< dew > - < U\de >)

+ ﬁ(<Uflec> - <Uj;lec>>

+7((Uln) = (Ulan)) (1)

Here ( ) represents the ensemble average, b represents the
bound form of the ligand, f represents the free form of the
ligand, and a, B, and v are the coefficients. U, 4, Uec, and
U.., are the van der Waals, electrostatic, and cavity energy
terms in the SGB continuum solvent model. The cavity
energy term, U,,, is proportional to the exposed surface
area of the ligand. Various energy parameters included in
Eq. 1 were calculated from the best docked complexes of
these ligands by energy minimization based on Hybrid
Monte Carlo simulation and Truncated Newton sampling
technique using the OPLS-2005 force field. The system
was initially heated to 300 K with a relaxation time of
15 ps. A residue-based cut off of 12 A was set for the non-
bonding interactions. With a maximum of 100 steps of
minimization, the system was heated for 10 ps and finally
Hybrid Monte Carlo simulation was performed for 15 ps.
The o, f, and y LIE fitting parameters were determined
using Minitab statistical package (version 14.0, Minitab
Inc.) by fitting the experimental binding affinities of
training set molecules.

The experimental free energy of binding for the reported
noscapinoids was calculated from their respective dissoci-
ation constant (K,;) values using the relation:

AGbind = RT In Kd

where R is gaseous constant (0.001986 kcal/mol) and T is
temperature (298 K). The K, values of the noscapinoids
used in training set were obtained from earlier published
work [18, 20, 43, 44] by measuring concentration depen-
dent tubulin-binding curves derived from escalating con-
centrations of the compounds followed by Schatchard
plots.

Chemistry
Chemical synthesis of noscapinoids

All the chemical reactions were carried out in oven-dried
flasks with magnetic stirring. All the reagents and solvents
used were of analytically grade. The progression of experi-
ments was monitored by analytical thin layer chromatogra-
phy (TLC) performed on silica gel GF254 pre-coated plates.
The TLC plates after elution were visualized under UV
illumination at 254 nm for UV active materials. Non-UV
active materials were visualized by staining with PMA and
charring on a hot plate. Silica gel finer than 200 mesh was
used for column chromatography. Columns were packed as
slurry of silica gel in hexane and equilibrated with the
appropriate solvent/solvent mixture prior to use. The com-
pounds were loaded neat or as a concentrated solution using
the appropriate solvent system. Yields refer to chromato-
graphically and spectroscopically homogeneous materials,

@ Springer
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unless otherwise stated. Appropriate names for all the new
compounds were given with the help of ChemBioOffice
2012. Melting points were measured with a Fischer-Johns
melting point apparatus and were uncorrected. Infrared
spectroscopy (IR) spectra were recorded as neat liquids or
KBr pellets and absorptions were reported in cm ™. Optical
rotations were measured with a Roudolph Digipol 781
Polarimeter at 25 °C. Nuclear magnetic resonance (NMR)
spectra were recorded on 300 (Bruker) and 500 MHz (Var-
ian) spectrometers in appropriate solvents using tetrameth-
ylsilane (TMS) as an internal standard or the solvent signals
as secondary standards and the chemical shifts are shown in &
scales. Multiplicities of NMR signals are designated as s
(singlet), d (doublet), t (triplet), q (quartet), br (broad), m
(multiplet, for unresolved lines), etc. 13C NMR spectra were
recorded on 75 MHz spectrometer. High-resolution mass
spectra (HRMS) were obtained by using ESI-QTOF mass
spectrometry. Purity of all the compounds (>96 %) used for
biological screening were determined by analytical HPLC
(SPD-M20A, make: Shimadzu) using ODS column eluted
with gradient mixture of acetonitrile-water. Natural o-nos-
capine was purchased from Sigma-Aldrich and is used as
such. The synthetic approach for the preparation of newly
designed noscapine derivatives, Sa—5f is depicted in Fig. 4.

General procedure for the preparation of 9-arylnoscapines
S5a-5f

In an oven dried round bottom flask, 9-bromonoscapine
(0.2 g, 0.4072 mmol) in ethanol, toluene (10 mL, v/v, 1:1),
aryl boronic acids 6a-6f (Fig.5) (0.8145 mmol),
Pd(PPhs), (0.04886 mmol) and sodium bicarbonate
(0.8145 mmol) were added and heated at 120 °C for 48 h.
The reaction mixture was cooled to room temperature,
solvents were removed under reduced pressure, water
(10 mL) was added to the crude residue, then extracted
with dichloromethane (3 x 25 mL), and combined organic
portion was dried over anhydrous sodium sulphate and
evaporated. The crude product was purified over silica gel
column chromatography (25 % EtOAc in Hexanes) to give
pure compounds Sa—5f as white solids.

(S)-6,7-Dimethoxy-3-((R)-4-methoxy-6-methyl-9-(4-(trifluo-
romethyl)phenyl)-5,6,7,8-tetrahydro-[ 1,3 Jdioxolo[4,5-g [iso-
quinolin-5-yl)isobenzofuran-1(3H)-one (5a) Yield: 65 %;
m.p: 135 °C; [0} —62.22 (¢ = 1, dichloromethane); 'H
NMR (CDCl;, 300 MHz) 6 7.60-7.40 (m, 4H), 6.97 (d,
J=8.1Hz, 1H), 6.05 (d, J=83Hz, 1H), 6.02
(d, J =13 Hz, 1H), 593 (d, J = 1.3 Hz, 1H), 544 (d,
J =4.1 Hz, 1H), 4.46 (d, J = 4.3 Hz, 1H), 4.14 (s, 3H),
4.10 (s, 3H), 3.89 (s, 3H), 2.65-2.51 (m, 4H), 2.20-2.00
(m, 2H), 1.70-1.56 (m, 1H); *C NMR (CDCls, 75 MHz):
0 167.9, 1524, 147.5, 146.0, 140.5, 140.0, 134.9, 133.2,
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128.7, 126.7, 126.6, 124.1, 120.5, 118.1, 117.2, 114.7,
100.9, 81.8, 62.2, 61.0, 59.5, 56.5, 50.7, 46.7, 29.6, 27.2;
IR (KBr): 3,413, 2,948, 1,765, 1,614, 1,497, 1,422, 1,237,
1,158, 1,120, 1,039, 946, 806, 732, 701 cm™'; MS (ESI):
m/z 580 (M + Na)'; HRMS (ESI): Caled. for
C29H26NO7F3N3 (M + Na)+, 5801559, found: 580.1568.

Ethyl 2-chloro-5-((R)-5-((S)-4,5-dimethoxy-3-oxo- 1,3-dihy-
droisobenzofuran-1-yl)-4-methoxy-6-methyl-5,6,7,8-tetrahydro-
[1,3]dioxolo  [4,5-g]isoquinolin-9-yl)benzoate (5b) Yield:
70 %; m.p: 152 °C; [o]f = —127.28 (c = 1, dichloro-
methane); 'H NMR (CDCl;, 300 MHz): & 7.64 (d,
J = 2.0 Hz, 1H), 7.45 (d, J = 8.3 Hz, 1H), 7.34-7.27 (dd,
J =2.0,8.1 Hz, 1H),7.26 (s, 1H),7.02 (d, J = 8.1 Hz, 1H),
6.16-6.05 (d, J = 7.9 Hz, 1H), 6.00 (s, 1H), 5.92 (s, 1H),
5.45 (d, J = 3.7 Hz, 1H), 4.49-4.34 (m, 3H), 4.10 (s, 6H),
3.91 (s, 3H), 2.72-2.53 (m, 4H), 2.26-2.09 (m, 2H), 1.66 (s,
1H), 1.42 (t, J = 7.1 Hz, 3H); >*C NMR (CDCl,, 75 MHz):
167.9, 165.6, 152.3, 147.6, 146.0, 140.8, 140.1, 133.8 133.7,
132.9,132.5,130.8, 130.5,130.3, 120.4, 118.1, 117.7, 117.6,
114.1, 100.9, 81.8, 62.9, 61.6, 61.0, 59.5, 56.8, 50.5, 46.6,
26.9, 14.1; IR (KBr): 3,418, 2,922, 2,853, 2,795, 1,756,
1,633, 1,597, 1,498, 1,363, 1,274, 1,159, 1,036, 940, 813,
728, 506 cm™'; MS (ESI): m/z 618 (M + Na)*; HRMS
(ESI): m/; Caled. for Cs;H30NOoCINa (M + Na)™,
618.1506; found: 618.1476.

Ethyl 4-((R)-5-((S)-4,5-dimethoxy-3-oxo-1,3-dihydroisoben-
zofuran-1-yl)-4-methoxy-6-methyl-5,6,7,8-tetrahydro-[ 1,3 ]di-
oxolo[4,5-g Jisoquinolin-9-yl)benzoate (5¢) Yield: 67 %;
m.p: 143 °C; [a]E: —140.52 (¢ = 1, dichloromethane); 'H
NMR (CDCl;, 300 MHz): 6 8.09 (d, J = 8.4 Hz, 2H), 7.33
(d, J = 8.3 Hz, 2H), 7.03 (d, J = 8.3 Hz, 1H), 6.16 (d,
J=8.1Hz, 1H), 6.00 (d, J=13Hz, 1H), 593
(d, J = 1.3 Hz, 1H), 5.54 (d, J = 4.1 Hz, 1H), 4.49 (d,
J = 4.3 Hz, 1H),4.40(q,J = 7.1 Hz,2H),4.12 (s, 3H), 4.11
(s, 3H), 3.91 (s, 3H), 2.67-2.52 (m, 4H), 2.27-2.11 (m, 2H),
1.76-1.65 (m, 1H), 1.41 (t, J = 7.1 Hz, 3H); '*C NMR
(CDCls, 75 MHz): 6 167.9, 166.2, 152.3, 147.7, 146.0,
140.9, 140.0, 138.9, 133.7, 130.6, 130.0, 129.3, 120.5, 118.1,
117.7,117.7,115.4,100.9, 81.8, 62.2, 61.1, 60.9, 59.5, 56.9,
56.7,46.7,27.0, 14.3; IR (KBr): 3,413, 2,915, 1,767, 1,697,
1,616, 1,498, 1,464, 1,443,1,381, 1,306, 1,262, 1,165, 1,088,
1,034, 1,012, 821, 621 cm™'; MS (ESI): m/z 584
(M + Na)*; HRMS (ESI): m/z Calcd. for C3H3;NOgNa
(M + Na)*, 584.1896; found: 584.1881.

(S)-6,7-Dimethoxy-3-((R)-4-methoxy-6-methyl-9-(4-vinyl-
phenyl)-5,6,7,8-tetrahydro-[1,3]dioxolo [4,5-g]isoquino-
lin-5-yl)isobenzofuran-1(3H)-one  (5d) Yield: 60 %;
m.p: 120 °C; [o]f = —120.22 (¢ = 1, dichloromethane);
"H NMR (CDCls, 300 MHz): & 7.40 (d, J = 8.2 Hz, 2H),
7.17 (d, J=8.0Hz, 2H), 6.97 (d, J= 8.1 Hz, 1H),
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500 MHz): 8.52 (s, 1H), 8.43 (s, 1H) 7.56 (d, J = 7.6 Hz,
1H),7.30(t,J = 6.6 Hz, 1H),6.98 (d,J = 8.5 Hz, 1H),6.12
(d, J = 7.6 Hz, 1H), 5.99 (s, 1H), 5.92 (s, 1H), 5.43 (d,
J = 4.7 Hz, 1H),4.43(d,J = 4.7 Hz, 1H),4.11 (s, 3H),4.08
(s, 3H), 3.88 (s, 3H), 2.67-2.60 (m, 1H), 2.55 (s, 3H),
2.22-2.14 (m, 2H), 1.79-1.69 (m, 1H); *C NMR (CDCls,
75 MHz): 167.9, 152.3, 150.7,148.36, 147.6, 146.4, 140.7,
140.2,137.3,133.7,130.7,130.3, 130.2, 123.1, 120.4, 118.2,
117.5,100.9, 81.8, 62.2, 61.0, 59.4, 56.8, 50.6, 46.6, 26.8; IR
(KBr): 3,412, 2,938, 1,756, 1,637, 1,497, 1,445, 1,273,
1,082, 1,032, 943, 815, 714, cm™'; MS (ESI): m/z 513

Fig. 4 Optimized Suzuki coupling reaction conditions for the synthesis of noscapine derivatives Sa—5f
B(OH), B(OH), B(OH),
(0]
Cl OEt JL\
CF; ob Et0” 0
6a 6¢c
HOH), B(OH),  B(OH),
G Q2
_N N oH,
A 6 H
6d © 6f

Fig. 5 Aryl boronic acids 6a—6f used in the present study

6.74-6.66 (dd, J = 10.8 Hz, 17.5 Hz, 1H) 6.10 (s, 1H),
5.98 (s, 1H), 5.91 (s, 1H), 5.74 (d, J = 17.5 Hz, 1H), 5.48
(s, 1H), 5.25 (d, J = 10.8 Hz, 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 (75 MHz, 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, 120.4, 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,Na (M + Na)™, 538.1841; found: 538.1848.

(S)-6,7-Dimethoxy-3-((R)-4-methoxy-6-methyl-9-(pyridin-
3-yl)-5,6,7,8-tetrahydro-[ 1,3 ]dioxolo[4,5-g Jisoquinolin-5-yl)
isobenzofuran-1(3H)-one (5e) Yield: 62 %; m.p: 193 °C;
[0]3: —124.25 (¢ = 1, dichloro methane); "H NMR (CDCls,

(M + Na)™; HRMS (ESI): Caled. for C,;H,¢N,O,Na
(M + Na)*, 513.1637; found: 513.1615.

N-(3-((R)-5-((S)-4,5-Dimethoxy-3-oxo-1,3-dihydroisoben-
zofuran-1-yl)-4-methoxy-6-methyl-5,6,7,8-tetrahydro-[ 1,3 |-
dioxolo[4,5-g Jisoquinolin-9-yl)phenyl)acetamide (5f) Yield:
55 %; m.p: 240 °C; [a]y = —138.68 (¢ = 1, dichloro-
methane); 'H NMR (CDCl;, 300 MHz) & 7.68 (s, 1H),
7.46-7.28 (m, 2H), 7.25-7.12 (d, J = 8.3 Hz, 1H),
7.07-6.93 (d,J = 70.17 Hz, 1H),6.23-6.10(d,J = 8.3 Hz,
1H),5.98 (s, 1H),5.91 (s, 1H),5.54 (d,J = 3.9 Hz, 1H),4.50
(d,J = 3.9 Hz, 1H), 4.10 (s, 6H), 3.94 (s, 3H), 2.54 (s, 4H),
2.27-2.10 (m, 5H), 1.77-1.60 (m, 1H); *C NMR (CDCl,,
75 MHz): 6 168.4, 152.2, 147.3, 145.9, 140.6, 139.5, 138.2,
134.9,133.6, 130.8, 128.5,125.5,121.3,120.2, 118.3, 117.9,
117.6, 116.3, 100.8, 82.1, 62.1, 61.0, 59.4, 56.6, 56.4, 50.8,
46.7,27.0,24.4; 1R (KBr): 3,329, 2,920, 2,791, 1,739, 1,682,
1,586, 1,548, 1,503, 1,384, 1,274, 1,086, 1,037,797,
620 cm™'; MS (ESD): m/z 569 (M + Na)*; HRMS (ESI):
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Calcd. for C3oH30N,0sNa (M + Na)™, 569.1899; found:
569.1920.

X-ray crystallography

X-ray data for the compound Sb was collected at room
temperature using a Bruker Smart Apex CCD diffractom-
eter with graphite monochromated MoKao radiation
(L = 0.71073 A) with o-scan method [45]. Preliminary
lattice parameters and orientation matrices were obtained
from four sets of frames. Integration and scaling of inten-
sity data was accomplished using SAINT program [46].
The structure was solved by direct methods using SHEL-
XS97 [46] and refinement was carried out by full-matrix
least-square technique using SHELXI.97 [46]. Anisotropic
displacement parameters were included for all non-hydro-
gen atoms. All H atoms were located in different Fourier
maps and subsequently geometrically optimized and
allowed as riding atoms, with C-H = 0.93-0.97 A, with
Ujso(H) = 1.5U¢(C) for methyl H or 1.2U.((C, N). The
methyl groups were allowed to rotate but not to tip. The
absolute configuration of the procured material was known
in advance and was confirmed by unambiguous refinement
of the absolute structure parameter [47] for Sb.

Crystal structure data for Sb: C;3;H37CINOs,
M = 596.01, colorless block, 0.21 x 0.18 x 0.12 mm3,
monoclinic, space group P2; (No. 4), a = 12.9325(12),
b = 82237(7), ¢ =133317(12) A, f = 92.1170(10)°,
V= 14169(2) A®, Z = 2, D, = 1.397 g/em®, Fyo = 624,
CCD Area Detector, MoKa radiation, A = 0.71073 A
T = 294(2)K, 20,n.x = 50.0°, 13,429 reflections collected,
4,953 unique (Rj, = 0.0232). Final GooF = 1.107,
RI = 0.0461, wR2 = 0.1294, R indices based on 4,644
reflections with I > 2o(]) (refinement on F?), 384 param-
eters, one restraint, ¢ = 0.193 mm~'. Absolute structure
parameter = 0.12(10) [46]. CCDC 944747 contains sup-
plementary Crystallographic data for the structure. These
data file can be obtained free of charge at www.ccdc.cam.
ac.uk/conts/retrieving.html [or from the Cambridge Crys-
tallographic Data Centre (CCDC), 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44(0) 1223 336 033; email:
deposit@ccdc.cam.ac.uk].

Biology
Cell lines and chemicals

Cell culture reagents were obtained from Sigma (location)
and Invitrogen (location). MCF-7, a human breast epithelial
cancer cell line; HeLLa, a human cervix cell line and A549, a
human lung cancer cell line were obtained from the National
Repository of Animal Cell Culture, National Centre for Cell
Sciences, Pune (NCCS), India. The cell lines were
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maintained in Dulbecco’s Modification of Eagle’s Medium
1X (DMEM) with 4.5 g/L glucose and L-glutamine (Sigma)
supplemented with 10 % fetal bovine serum (Invitrogen) and
1 % penicillin/streptomycin (Invitrogen).

In vitro cell proliferation assays (MTS assay)

A panel of three human cancer cell lines (MCF-7, HeLa
and A549) were seeded into 96-well plates at a density of
5 x 107 cells per well and were treated with increasing
gradient concentrations of noscapinoids 5a—5f for 72 h.
Measurement of cell proliferation was performed colori-
metrically by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner
salt (MTS) assay, using the CellTiter96 aqueous one
solution reagent (Sigma). Cells were exposed to MTS for
3 h and absorbance was measured using a microplate
reader (Molecular Devices, Sunnyvale, CA, USA) at an
optical density (OD) of 490 nm. The percentage of cell
survival as a function of drug concentration was then
plotted to determine the ICsq value, which stands for the
drug concentration needed to prevent cell proliferation by
50 %.

Tubulin purification

Tubulin was purified from bovine brain by cycles of tem-
perature-dependent assembly and disassembly as described
previously [48, 49]. The concentration of the tubulin was
determined by the method of Bradford using BSA as the
standard [50]. Purified tubulin was quickly frozen and
stored at —80 °C until used.

Tubulin binding assay

A fluorescence titration probing the quenching patterns of
intrinsic tryptophan fluorescence of tubulin in the presence
of different concentrations of the compounds (5a—5f) was
used for determining the tubulin binding affinity of nos-
capinoids [20]. In brief, the compounds (concentration
range 0-200 uM) were incubated with 2 uM tubulin in
PEM buffer (100 mM PIPES, pH 6.8, 3mM MgSQO,, and
1 mM EGTA) for 45 min at 37 °C. The relative intrinsic
fluorescence intensity of tubulin was then monitored in a
Varian Cary Eclipse fluorescence spectrophotometer (Ag-
ilent Technologies, CA, USA) using a quarts cuvette of
0.3 cm path length. The samples were excited at 295 nm
and the emission peaks at 335 nm were recorded. The
fluorescence emission intensity of noscapinoids at this
excitation wavelength was negligible. The use of a 0.3 cm
path-length cuvette minimized the inner filter effects
caused by the absorbance of the compound. In addition, the
inner filter effects were corrected using a formula
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Table 1 Grouping of the
experimental animals and the
doses and duration of treatment

Groups No. of Sex Dose/day Duration of Frequency
animals dose (days)
(1) Vehicle treated (control) 5 Male 0.1 % DMSO 28 Daily
(2) Vehicle treated (control) 5 Female 0.1 % DMSO 28 Daily
(3) Drug treated 5 Male 300 mg/kg 28 Daily
(4) Drug treated 5 Female 300 mg/kg 28 Daily
(5) Drug treated 5 Male 600 mg/kg 01 Once
(6) Drug treated 5 Female 600 mg/kg 01 Once

Fcorrected = Fobserved'antilog [(Aex + Aem)/z]’ where Aex is
the absorbance at the excitation wavelength and A, is the
absorbance at the emission wavelength. The dissociation
constant (K4) was determined by the formula: 1/a =
Ky/[free ligand] 4 1, where a is the fractional occupancy
and [free ligand] is the concentration of the free noscapi-
noid molecule. Two independent experiments were per-
formed for each compound.

Cell cycle analysis

The flow cytometric evaluation of the cell cycle progres-
sion in the presence of the noscapinoids was performed as
described previously [51]. Briefly, cancer cells (MCF-7)
were incubated with 25 pM concentration of the noscapi-
noids, Sa—5f. Cells were sampled at three time periods 24,
48 and 72 h and analysed using flow cytometry. After the
incubation, 2 X 10° cells were centrifuged, washed twice
with cold phosphate buffered saline (PBS) and fixed in
70 % ethanol. Tubes containing the cell pellets were stored
at 4 °C for at least 24 h. The pellets were resuspended in
30 pl of phosphate/citrate buffer (0.2 M Na,HPO,/0.1 M
citric acid, pH 7.5) at room temperature for 30 min and
centrifuged at 1,000x g for 10 min and the supernatant was
discarded. The pellets were washed twice with 5 ml PBS
and stained with propidium iodide (0.5 ml; 0.1 in 0.6 %
Triton-X in PBS) and 0.5 ml of RNase A (2 mg/mL) for
45 min in the dark. Samples were then analyzed on a FACS
Calibur flow cytometer (Beckman Coulter Inc., Fullerton,
CA, USA).

Toxicological evaluation of the noscapinoids

The noscapinoid, Se, which showed better anti-prolifera-
tive activity against cancer cells and Ky value against
tubulin among the newly designed analogues was used for
toxicological analysis in animals. Swiss albino mice used
for the toxicological study were bred and maintained in the
Animal Facility of School of Pharmacy, Guru Ghasidas
Central University, Bilaspur, Chhattisgarh, India. All
experimental protocols involved in this study were

approved by Institutional Animal Ethics Committee (Ref.
No.: 994/a/GO/06/CPCSEA) and were reviewed by the
committee for the purpose of control and supervision of
experiments on animals. 3 months old male and female
Swiss albino mice, with an average weight of 25 g were
used for the experiments. Water and food pellets (Lipton
Pvt. Ltd., India) were given ad libitum. Animals were
maintained in the animal house at 12 h light: 12 h dark
cycle (Light 7:00 a.m.—7:00 p.m.). Temperature and
humidity were maintained at 24-28 °C and 55-60 %,
respectively.

Drug treatment (preparation of drug and pharmacological
administration)

Swiss albino mice (n = 30) were randomly divided into six
experimental groups of five animals each for the study
(Table 1). The animals in group 1 and 2 served as control
for male and female mice respectively. The animals in
group 3 and 4 were administered oral doses of 300 mg/kg
body weight daily up to 28 days. Similarly, the animals in
group 5 and 6 were administered once a single dose of
600 mg/kg body weight (Table 1). The above dose of
300 mg/kg was chosen on the basis of previous study [51]
and the dose of 600 mg/kg was selected on the basis of
reported LDsqy dose (602 + 31 mg/kg) [52] of noscapine
for mice. The compound was dissolved in 0.1 % DMSO in
distilled water and administered orally using a feeding
cannula. The animals were continuously monitored for
food and water intake and body weights on a daily basis.
Both the doses were well tolerated and the mice did not
show any signs of discomfort.

Histology and hematology

At the end of the experiment, animals in group 1-4 were
sacrificed on day 28, whereas animals in group 5 and 6
were sacrificed on day 14. Blood was collected from the
normal or treated mice on the day of sacrifice directly from
the heart in heparinized tubes and analyzed on a complete
blood count instrument (CDC Technologies, Oxford, CT,
USA). For histological studies, mice of different groups
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were anesthetized with sodium pentobarbital and were
perfused with 4 % paraformaldehyde in PBS (pH 7.4). The
vital organs such as brain, duodenum, liver, lungs, kidney,
heart and spleen were removed, post fixed in 4 % para-
formaldehyde in PBS and further processed for histopa-
thological analysis. Tissues were embedded in paraffin,
sectioned using a microtome and 5 pum sections were
stained with hematoxylin and eosin. The stained sections
were analyzed for microscopic evaluation at magnification
200x and 400x using bright field microscope (Olympus,
CX31, Japan).

Results and discussion

The effectiveness in terms of cell killing of the lead
compound, noscapine was improved manyfold by synthe-
sizing many potent derivatives. These derivatives were
proven to have increased tubulin binding affinity as indi-
cated by their lower dissociation constants (Ky) from
152 uM for noscapine to 86 pM for nitro noscapine,
80 uM for F-noscapine, 54 pM for Br-noscapine, 40 pM
for Cl-noscapine, 22 puM for I-noscapine and 14 pM for
amino-noscapine [19, 43, 44]. Furthermore, recently we
have made some effective derivatives of noscapine by
functionalization of ‘N’ in isoquinoline unit of natural o-
noscapine [21]. Availability of structure activity data of
these derivatives of noscapine led us to develop a reason-
able predictive model for predicting the binding affinity of
newly designed derivatives and screening. In continuation
of our efforts to develop new derivatives of noscapine, we
are reporting in this study a series of biaryl pharmacophore
inserted noscapine derivatives 5a—5f as potent anticancer
agents.

Molecular modelling study

Binding mode and binding affinity of designed
noscapinoids

The molecular interaction and binding affinities of
designed noscapinods, Sa—5f onto tubulin were calculated,
applying molecular docking in combination with MM-
PBSA and MM-GBSA calculations. The initial structure of
tubulin was obtained from the PDB database. The gaps
were filled based on homology model building and further
refined using MD simulation. The relative fluctuation in the
root-mean-square deviations (RMSDs) of the Ca atoms of
tubulin (a3 heterodimmer) is very small after the initial
equilibration (~4 ns), demonstrating the convergence of
the simulation (Fig. 6). Noscapinoids, newly designed in
this study (Fig. 2) and the previously reported (Fig. 3) were
docked into the reported binding site of noscapinoids [31]
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using Glide XP (extra precision) and evaluated using a
Glide XPg... function [32, 33]. The newly designed nos-
capinoids 5a-5f showed better docking scores ranging
from —8.466 to —6.085 kcal/mol than the parent com-
pound, noscapine (—5.505 kcal/mol) (Table 2). Some of
the derivatives even showed better docking score in com-
parison to the previously reported noscapinoids.

To estimate the free energy change that describes the
binding of newly designed noscapinoids 5a—5f with tubu-
lin, we calculated the difference between the free energy of
the complex and that of the respective binding partners
based on MM-PBSA and MM-GBSA methods. Energy
values were calculated as the average value out of 1,000
snapshots generated from the last 2 ns of the MD trajectory
for each tubulin—noscapinoid complex. The convergence of
the MD trajectories was monitored by plotting RMSD of
the backbone C, atoms with respect to time. In fact, the
relative fluctuation of the RMSD value is very small after
~8 ns suggesting the stability of the system (Fig. 6).
Furthermore, the root mean square fluctuations (RMSF) of
the residues of tubulin involved in the interaction with the
ligands (within 20 A diameters) in the bound form and in
the free form were calculated to reveal the flexibility of
these residues (Fig. 7). In fact, the RMSF values of these
residues in the bound form were slightly lower compared to
free form, indicating that these residues seem to be more
rigid as a result of binding to noscapinoids. Different levels
of flexibility of these residues have also been noticed in the
bound form of tubulin across various ligands (Fig. 7). This
may be because of subtle differences in the mode of

molecular interactions of noscapinoids that perhaps
35
<
a
7]
=
[
1.4 Tubulin
—— Tubulin-5a —— Tubulin- 5d
—— Tubulin- 5b Tubulin- 5e
Tubulin- 5¢ —— Tubulin- 5
(] : : : .
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Time (ns)

Fig. 6 The root-mean square deviations (RMSD) of Ca carbon atoms
of tubulin during 10 ns of MD simulation of tubulin-ligand
complexes with respect to initial structure as a function of time.
The relative fluctuation in the RMSD of the Co atoms is very small
after ~8 ns of the simulation, demonstrating the convergence of the
simulation. A 10 ns MD simulation was carried out with a time step
of 2 fs, a total of 5,000 frames were generated and the last 1,000
frames from each molecular species were used to generate the average
structure
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Table 2 Molecular docking results (Glide XP) as well as calculated energies based on LIE-SGB model of newly designed noscapinoids (5a—5f):
van der Waals (vdw), electrostatic (elec), cavity (cav), predicted and experimental binding free energy (AGp;,q)

Ligand Glide XPg.ope (Uyaw) (Uelec) (Ucav) Predicted AGying K4 value Experimental AGy;ng
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (LM) (kcal/mol)

5a —6.085 —60.57 41.82 1.05 —5.568 126 + 5.0 —5.325

5b —6.397 —60.68 50.47 1.62 —5.954 - -

5¢ —6.833 —59.44 53.78 1.23 —5.689 107 £ 5.0 —5.422

5d —6.845 —63.89 63.01 0.49 —5.732 71 £ 40 —5.665

Se 7717 —63.21 61.54 1.07 —5.965 68 + 6.0 —5.691

5f —17.466 —67.39 44 .45 0.78 —5.961 - -

Experimental AGy;,, was calculated from the dissociation constant (K4 value) using the relationship: AG;,; = RT In Ky where T = 298 K and
R = 0.00199 (kcal/mol K). Predicted AG,;,s was calculated using LIE-SGB empirical equation: AGy;,y = 0.0762(Uygy) — 0.00965(U,jec) —

0.520(Ueyy)

account for their net effect on the binding free energy
change with tubulin. All the noscapinoids (5a—5f) are well
accommodated into the binding site, at the interface
between o- and B-tubulin (Fig. 8). However, their binding
modes inside the binding cavity are distinct as shown in
Fig. 9. The binding mode was represented in two steps:
(a) receptor residues that have strong interactions with the
ligand such as a favorable hydrogen-bonding interaction
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 differences in binding
modes of these noscapinoids 5a—5f are not only due to
various substitutions of functional groups in the scaffold
structure but also because of differential contribution in
binding free energy of amino acids involved in the inter-
actions. Binding free energy of individual amino acid
involved in the interaction with these ligands was calcu-
lated based on MM-GBSA and plotted in Fig. 10. Around
9-11 residues contribute considerable binding energy with
noscapinoids 5a—5f, each yielding <—1.0 kcal/mol of free
energy (Fig. 10a—f). The analysis reveals that Leu 253 is a
consistently important contributor to the binding energy
among all the noscapinoids.

Furthermore, to determine the detailed contribution of
each important residue, the binding energy was decom-
posed into several other components (the electrostatic, van
der Waals, and solvation) and plotted in Fig. 11. As an
example, in the tubulin-5a complex, Lys 252 has an
appreciable solvation energy (0E,) contribution, with a
OE,, of <—7 kcal/mol, while electrostatic interaction
(0E¢e) shows unfavorable contributions at >6 kcal/mol, as
a result the total energy contributions of Lys 252 is weak
(Fig. 11a). For tubulin-Sb complex, the residue Asp 249
has large electrostatic contribution (8E., < —4 kcal/mol),
while the residue Lys 252 has large solvation contribution
(0E¢o < —7 kcal/mol). Apropos to this Asp 249 has an
unfavorable solvation contribution (dE, > 15 kcal/mol)

and Lys 252 has an unfavorable electrostatic contribution
(0E¢ie > 7 kcal/mol) to the complex, resulting in weak
contributions to the total energy for both the residues.
Similarly, for tubulin-S¢ complex, the electrostatic
interactions of Thr 178 and Asn 256 are —6.5 and
—3.0 kcal/mol, respectively, which suggests that both are
key residues in the binding of Sc. In the tubulin-5d com-
plex, Lys 252 has the strongest solvation energy contri-
bution (8E,, < —4 kcal/mol), while the residues Lys 252
and Lys 350 contributed maximum of solvation energy
(0E¢o1 < —7 and <—4 kcal/mol respectively) towards the
binding of 5f with tubulin.

The calculated binding energy (AGying, paGB)) Of the
noscapinoids 5a—5f with tubulin calculated according to
MM-PBSA and MM-GBSA is summarized in Table 3. The
calculated binding energy based on both the methods
indicate strong interactions of newly designed noscapinoids
with tubulin in the following order of magnitude:
Se > 5f > 5d > 5c > S5b > 5a. The derivative Se showed
the highest binding energy of —48.27 and —42.34 kcal/mol
using both MM-PBSA and MM-GBSA methods. Both the
intermolecular van der Waals (AE,q,,) and the electrostatic
(AE..) interactions are significant contributors to the
binding, whereas the polar solvation terms (AGpgp))
counteract binding. In contrast, non-polar solvation terms
(AGgo1.np), which correspond to the burial of solvent-
accessible surface-area upon binding, contribute slightly
favorably. Though the gas-phase electrostatic value (AE,,;)
is in favor of the binding of all the noscapinoids, the overall
electrostatic interaction energy (AGee, pr(GB)) iS positive
and unfavorable for the binding, perhaps due to large
desolvation penalty of charged and polar groups that are
not sufficiently compensated by complex formation.
Comparing the net polar (AGpggp) + AE¢) and nonpolar
energies (AGgol-nonpolar + AEvaw) contributions, we noticed
that the binding of noscapinoids onto tubulin is mainly
driven by nonpolar interaction.
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Fig. 7 Root mean square

(a) Tubulin-5a

(d) Tubulin-5d
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Predictive binding affinity of 5a-5f with tubulin (LIE-SGB
calculation)

The binding affinity (AGuping, prea) Of newly designed nos-
capinoids with tubulin was predicted based on computa-
tionally developed LIE, utilizing the experimental activity of
training set molecules. Since the molecular docking predicts
accurate binding pose for the ligands onto the receptor, we
have used the docking complexes of noscapinoids with
tubulin and performed hybrid Monte Carlo simulation with
generalized Born (SGB) continum solvation model to
develop a robust predictive model. Towards this end we have
used the experimental binding energy of previously reported
12 noscapinoids as training set. The various interaction
energy terms used in the model were included in Table 4 and
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are used to develop the LIE model. The values obtained for
the three fitting parameters, o, B and y are 0.076, —0.010 and
—0.520, respectively. The largest contribution for the binding
free energy comes from the van der Waals interactions. The
predicted AGy;,q of the training set molecules based on LIE
model is very close to the experimental AGy;,q (root mean
square error was 0.288 kcal/mol). The quality of the fit can
also be judged by the value of the squared correlation
coefficient (R?) and analysis of variance (F-value).

AGhindpred = 0.076(Uygy) — 0.010(Ugtec) — 0.520(Ucyy)
(2)
(n =12, R* = 0.776, s = 0.26,
F =1969.8, P = 0.001, PRESS = 1.243)
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Fig. 8 The newly designed noscapinoids 5a—5f are well accommo-
dated in the noscapinoid binding site at the interface between o- and
B-tubulin. Snapshot of the ligands 5a-5f are obtained from the MD
simulation. The binding site is represented as macromodel surface
according to residue charge (electropositive charge, blue; neutral,
yellow and electronegative charge, red) as implemented in Pymol

(a) Tubulin-5a

LYS 350
LYS 350

(b) Tubulin-5b

Because of high predictability, the LIE model was used
to predict the AGy,,q of the newly designed noscapinoids.
All the derivatives revealed improved predicted binding
energy (ranging from —5.568 to —5.965 kcal/mol) in
comparison to the lead molecule (—5.214 kcal/mol). The
derivative 5e showed highest binding affinity (AGying pred)
of —5.965 kcal/mol in the series. Inspired by our compu-
tational findings, we have made an attempt to synthesize
the newly designed noscapinoids to further evaluate their
experimental activities.

Chemical synthesis of Sa—5f

Synthesizing the derivatives of noscapine is always chal-
lenging because of its highly sensitive C—C bond between
isoquinoline and isobenzofuranone ring components which
is labile to strong acids and base. However, we have opti-
mized the reaction conditions for the synthesis of these
derivatives Sa-5f from 9-bromonoscapine 2¢ as starting
material without affecting the sensitive C—C bond. The

(¢) Tubulin-5¢

LYS 350
THR 351 LEU 253
THR 351 THR 351
VAL 313 S
S CYS 239 VAL 313
ALA 314 VAL 31
ALA 315 & THR 237 ALA314
VAL 316° ALA 315 ALA 314 -
' ALA 315 THR 237
VAL 236 VAL 236 VAI316
GLY 235 GLY 238 VAL 236
GLY 235

(d) Tubulin-5d

LYS 350 LYS 350

THR 351 THR 351
VAL 313 VAL 313
ALA 314

(e) Tubulin-5e

THR I79(A)§

ALA 314 ALA 315

(f) Tubulin-5f

LYS 350

VAL 313 SN
CYS 239

THR 237
VAL 316 ALA 314 ALA 315
VAL316 g®® THR237
VAL 236 VAL 236
VAL 23
GLY 235 GLY 235 ALz
GLY 235

Fig. 9 Typical snapshot of the binding mode of noscapinoids Sa—5f
within the noscapinoid binding site [30] of tubulin. The hydrogen bonds
formed (if any) are represented as dotted lines. The noscapinoid S¢
forms one hydrogen bond with Thr 179 of the o chain. The nitrogen
atom N1 of the upper isoquinalone ring hydrogen bonds with oxygen
atom of Thr 179 with a distance of 2.82 A. The noscapinoid 5f forms

one hydrogen bond with Val 313 of the 8 chain. The nitrogen atom N1 of
the upper isoquinalone ring hydrogen bonds with oxygen atom of Val
313 with a distance of 3.13 A. The other noscapinoids however do not
involve any hydrogen bonds. The difference in binding modes of these
noscapinoids is due to various substitutions in the scaffold structure.
The amino acids Thr 366 and Ile 368 are not shown for better clarity
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Fig. 10 Total binding energy
(8Gying) contribution of amino
acids within and around binding
site (12 A of the docked ligand)
of tubulin involved in
interaction with noscapinoids
S5a—5f. Around 9-11 residues
contribute considerable binding
energy with noscapinoids 5a—5f
respectively, each yielding
<—1.0 kcal/mol of free energy.
However, Leu 253 is a
consistently important
contributor to the binding
energy

Table 3 Calculated binding
energy and its components
(kcal/mol) of noscapine
derivatives (5a—5f) binding with
tubulin

Bold values represent the
AGying energy of molecules
with tubulin based on MM-
PBSA and MM-GBSA methods

reaction scheme is included in Fig. 4. The 9-bromonosca-
pine was prepared from natural o-noscapine using the syn-
thetic scheme reported previously [19]. The complete
chemical synthetic procedures for the preparation of
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Energy components (kcal/mol) Sa 5b Sc 5d Se 5t
AEe —320.1 —318.6 —318.2 —314.7 —4295  —=340.7
AE, 4y —66.03 —69.19 —74.87 —68.41  —51.42 —72.01
AE —386.2 —387.8 —393.0 —383.1 9436  —412.7
AGgo1np —7.593 —7.906 —8.629 —-7.070  —5.953 —7.857
AGpp 356.2 357.7 362.6 345.8 56.82 375.5
AGqoy, PB 351.1 351.8 356.5 340.9 52.02 370.3
AGee, ps 36.08 39.11 4441 31.11 13.87 34.79
AGying, -35.12 —35.94 —36.52 —41.22 —42.34 —42.25
AGggp 350.9 349.7 352.0 342.1 52.04 370.2
AGgo1v.GB 3433 341.8 3434 335.1 46.09 362.3
AGele, GB 30.77 31.08 33.84 27.43 9.091 29.44
AGping, GB —42.85 —46.00 —49.64 —47.02  —48.27 —47.42

noscapine derivatives, Sa—5f and their characterization using
1H, 13C NMR and mass (ESI and HRMYS)), IR spectral data is
described elsewhere. Further single crystal X-ray analysis
unambiguously confirmed the structure of Sb (Fig. 12). All
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Fig. 11 Decomposition of the (a) Tubulin-5a (d) Tubulin-5d
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the derivatives Sa—5f were purified over silica gel column
chromatography and used for experimental studies.

Biology

Newly designed noscapinoids have higher tubulin binding
activity than noscapine

We first determined if all of the newly designed noscapine
analogues bind tubulin in a manner similar to the founding
compound, noscapine. We found that the newly designed

noscapinoids Sa—5f reduced the intrinsic fluorescence of
tubulin in a concentration-dependent manner (Fig. 13)
indicating concentration-dependent binding to tubulin. A
plot of the inverse of fractional occupancy versus inverse
of drug concentration yielded a dissociation constant (Ky4)
of 126 £ 5.0 uyM for Sa, 107 &£ 5.0 uM for Se, 70 +
4.0 uM for 5d, and 68 £ 6.0 uM for Se binding to tubulin.
We have previously reported the dissociation constant (Ky)
of 152 4+ 1.0 uM for noscapine binding to tubulin [19].
The results indicate that the newly designed noscapine
analogues bind to tubulin with a greater affinity than
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Table 4 Molecular docking results (Glide XP) as well as calculated energies based on LIE-SGB model of training set noscapine derivatives:
van der Waals (vdw), electrostatic (elec), cavity (cav), predicted and experimental binding free energy (AGpina)

Ligand Glide XPyore (kcal/  (Uygw) (kcal/  (Ugee) (kcal/  (Ueg,y) (kcal/ Ky value Experimental AGy;ng Predicted AGp;ng
mol) mol) mol) mol) (M) (kcal/mol) (kcal/mol)
1 —5.505 —52.06 43.32 1.720 152 £ 1.0 —-5.214 —5.194
2a —5.684 —47.65 119.8 1.432 81 + 8.0 —5.587 —5.951
2b —6.152 —59.54 68.27 2.12 40 £ 8.0 —6.006 —6.063
2c —6.437 —58.92 87.54 1.59 54 + 9.1 —5.827 —6.355
2d —5.463 —58.13 83.35 1.059 22 + 4.0 —6.360 —5.755
2e —6.228 —57.71 129.2 1.846 8 + 6.0 —5.551 —5.835
2f —5.279 —59.48 63.57 1.324 14+10 —6.628 —6.540
3 —5.639 —53.28 87.36 0.823 68 £ 0.7 —5.691 —5.416
4a —6.087 —63.42 41.26 0.824 91 + 8.0 —5.518 —5.394
4b —7.252 —62.62 76.32 1.232 38 + 4.0 —6.036 —5.795
4c —5.712 —61.82 41.32 0.698 79 £ 8.0 —5.602 —5.128
4d —5.402 —56.95 7.851 0.756 228 +£ 10.0 —4.973 —5.078

(Uyaw)» {(Ueree) and (U.,,) energy terms represents the ensemble average energy terms calculated as the difference between bound and free state
of the ligands and its environment. Experimental AG,;,; was calculated from the dissociation constant (K4 value) using the relationship:
AGyping = RT In Ky where T = 298 K and R = 0.00199 (kcal/mol K). Predicted AG;,; was calculated using (LIE-SGB empirical equation:

AGping = 0.0762(Uygy) — 0.00965(Ugiee) — 0.520(Ucqy)

Fig. 12 A view of 5b, showing the atom-labelling scheme. Dis-
placement ellipsoids are drawn at the 30 % probability level and H
atoms are represented by circles of arbitrary radii

noscapine. With the other two derivatives, 5b and 5f,
although we observed quenching of intrinsic tryptophan
fluorescence, the quenching pattern was not concentration-
dependent. Therefore, we could not determine the dissoci-
ation constant for these two noscapinoids. Nevertheless, the
quenching in the presence of both Sb and 5f indicate
potential binding of these noscapinoids to tubulin (Fig. 13).
Experimental AGpjingexpt Of these compounds was calcu-
lated from the K, value using the relationship:

@ Springer

AGping.expt = RT In Kq where T = 298 Kand R = 0.00199
(kcal/mol K). In fact, this experimentally determined values
(AGping.expr) are consistent with the predicted (AGping prea)
values calculated using LIE-SGB (Tables 2, 4).

Newly designed noscapinoids inhibits proliferation
of cancer cells

Based on the in vitro results, we analyzed the effectiveness
of analogues S5a—5f in inhibiting the proliferation of cancer
cells. As a preliminary screen, all compounds, including
the parent molecule, noscapine were evaluated for their
anti-proliferative activity in three human cancer cell lines;
human breast cancer cells (MCF-7), human cervical cancer
cells (HeLa) and human lung adenocarcinoma cells
(A549). The ICsq values for the test compounds Sa—5f for
these three cell lines are collated in Table 5. All the
compounds exhibited improved cytotoxic activity in com-
parison to the founding compound, noscapine. Especially,
three compounds 5b, Se and 5f possess potent cytotoxic
activity. The ICsq value amounted to 9.0 £ 1.5, 8.9 £ 1.7
and 9.2 £ 1.4 pM with 5b, Se and 5f respectively for HeLa
cells, which reflects a pronounced anti-proliferative activ-
ity. A similar low ICs, value of 18.8 & 2.7, 16.6 + 2.9 and
17.8 £ 2.5 yM was measured using Sb, Se and Sf
respectively for the MCF-7 cells. In contrast, modest anti-
proliferative activity for these compounds was noted
against A549 cell line. Thus this preliminary screen with
the three chosen cell lines revealed that Sb, 5e and 5f as
potent cytotoxic compounds as exemplified by their much
lower 1Cs, values compared to noscapine.



J Comput Aided Mol Des

8 800 g

g2 eoo/‘\ ]

o2 41

80:9 4004/& & 34

2

55 50] T 29 o2

T8 14 .
0

0 0.010.02 0.03 0.04 0.05
1/ [Compound 5a]
Kg=126+5.0 uM

0 T T
310 330 350 370
Wavelength (nm)

800
600 4

Fluroscence
intensity
1/a
oO=_NWhrhuO®
*

*

Table 5 ICso values (a drug concentration required to achieve a
50 % inhibition of cellular proliferation) of noscapine derivatives Sa—
5f for various cancer cell types

Noscapine analogue HeLa (uM) A549 (uM) MCF-7 (uM)
5a 228 +£238 573 £39 413+ 24
5b 9.0+ 1.5 338 +£ 3.5 18.8 £2.7
5¢ 212 £ 3.7 53.1 £ 3.7 40.7 £ 3.3
5d 203 £ 2.5 427 £29 343 +25
Se 89+ 1.7 31.6 £ 2.6 16.6 £ 2.9
5f 92+ 14 326 +25 17.8 £ 2.5
Noscapine 24.0 £ 29 629 £ 4.6 423 £2.7
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Fig. 13 Plots show concentration-dependent quenching of tubulin
fluorescence emission intensity by noscapinoids Sa—5f. The equilib-
rium dissociation constants (K4) were determined from a plot of the
inverse of fractional occupancy versus inverse of drug concentration

Newly designed noscapinoids alter the cell cycle profile
and cause mitotic arrest at Gy/M phase

To ascertain the precise mechanisms of cell death, we next
examined the effect of representative derivatives of nos-
capine 5a—5f on the cell cycle progression of MCF-7 cells
using a fluorescence activated cell sorting (FACS) analysis.
We determined the effect of these compounds at 25 pM for
0, 24, 48 and 72 h of drug treatment. Figure 14a—d

Cancer cells used in the assay namely, HeLa human cervix cell line,
A549 human lung adenocarcinoma epithelial cell line and MCF7:
human breast epithelial cell line

Each value represents mean £ SD from three different experiments

represents the cell cycle profile in a three-dimensional
disposition for compounds Sb-5f as cell cycle profile for
5a is not shown in the figure (although data are already
collected in Table 6). G, phase of the cell cycle represents
the unreplicated cells with 2 N DNA, while G, and M
phases represent the duplicated cells with 4 N DNA. Cells
in the process of DNA duplication between 2 and 4 N
peaks represent S phase, when DNA is being synthesized.
Less than 2 N DNA appears in populations of dying cells
that degrade their DNA to different extents. MCF-7 cells
treated with these compounds for 0, 24, 48 and 72 h led to
profound perturbations of the cell cycle profile at 25 pM
(Fig. 14a—d). Our result reveals that these derivatives of
noscapine induce a massive accumulation of cells in the
G,/M phase at 24 h. For example, the G,/M cell population
increases from 18.8 % in the control to ~58.7 % in MCF-
7 cells treated with 25 pM of 5e for 24 h. The distribution
of cell populations over Gy/Gy, S, Go/M and sub-G; phases
of the cell cycle treated with 25 uM solution of noscapine
derivatives is included in Table 6. Apropos to the G,/M
block, a characteristic hypodiploid DNA content (sub-G)
was seen to be rising at 48 and 72 h of drug treatment. The
progressive increase of cells having hypodiploid DNA
content (Table 6) reflects fragmented DNA, indicating
dying cells.

Noscapinoid 5e causes no detectable toxicity to tissues
and does not affect the hematopoietic system and organ
functions

Toxicity in many tissues following chemotherapy is a
major concern. Therefore, the search for a safe, well-tol-
erated regimen has been a major goal of anticancer
research. Antimitotic drugs that bind free or polymerized
tubulin, such as Vinca alkaloids and taxanes, although are
effective treatment agents, are known to be cytotoxic to
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Fig. 14 Noscapine analogs inhibit cell cycle progression at mitosis
followed by the appearance of a characteristic hypodiploid (sub-G1)
DNA peak, indicative of apoptosis. a—d depict represented figures of
analyses of cell cycle distribution in a three-dimensional disposition
as determined by flow cytometry in MCF-7 cells treated with 25 uM
concentration of noscapine analogs (5b-5f) for 0, 24, 58 and 72 h
respectively

normal dividing cells. These drugs thus exhibit toxicities
such as gastrointestinal (diarrhea, nausea, vomiting), my-
elosuppression (leucopenia), alopecia and peripheral
neuropathies due to the blockage of axonal transport. To
determine whether compound Se treatment results in tox-
icities to normal tissues, we did histopathologic analyses of
vital organs such as liver, kidney, spleen, lung, heart, brain
and duodenum of mice (Fig. 15). Treatment with com-
pound Se daily at a dose of 300 mg/kg body weight for
28 days failed to reveal any detectable pathological
abnormalities in normal tissues as examined by H&E
staining. Similarly, in a different experiment, mice treated
with a single dose of 600 mg/kg body weight also did not
indicate any detectable pathological abnormalities. Paraf-
fin-embedded 5 p-thick sections of the liver, kidney,
spleen, lung, heart, duodenum and brain from animals of

both treated and normal group were examined by H&E
staining and included in Fig. 15. There was a complete
absence of any metastatic lesions in these organs in the
treated animals. The liver showed normal hepatic lobular
architecture. The kidneys revealed normal glomeruli,
proximal and distal tubules, interstitium and blood vessels.
The splenic follicles and vascular sinusoids were indistin-
guishable between the Se-treated and vehicle-treated con-
trol groups. The lung tissue showed normal alveoli and the
heart muscle showed normal morphology among the two
groups. Microsections of the brain did not reveal any in-
fracted areas. The cerebral cortex, gray and white matter
appeared normal. The gut showed normal mucosa, sub-
mucosa and muscularis mucosa.

Currently available anticancer drugs are known to
depress bone marrow function, leading to decline of RBC,
WBC and platelet counts during treatment regimens. Thus,
we next examined if Se treatment had any effects on
hematologic variables and organ-associated toxicities.
Peripheral blood was examined for differences between Se-
treated and vehicle-treated groups for complete blood
count, white blood cell count, monocytes, eosinophils, red
blood cell count, hemoglobin concentration, hematocrit,
mean corpuscular volume, mean corpuscular hemoglobin,
mean corpuscular haemoglobin concentration, and platelet
count (Fig. 16a, b). We next assessed organ-associated
toxicity by measuring organ functions in Se-treated and
vehicle-treated groups. Liver function tests (alanine trans-
aminase, aspartate aminotransferase, alkaline phosphatase,
bilirubin levels and albumin levels) and renal function tests
(blood urea nitrogen and creatinine levels) were similar
between treated and control groups (Fig. 16c, d). Further-
more, Se does not alter the electrolyte balances. A standard
electrolyte panel (Nat, K, ClI~, Ca) showed no abnor-
malities in electrolytes among the treated and control
groups (Fig. 16e). In addition, we were surprised to find no
changes among the treated and vehicle-treated groups in
total protein, albumin and glucose levels (Fig. 16d, e).

Table 6 Effect of noscapine derivatives on cell cycle progression of MCF-7 cells treated with 25 puM solution for the indicated time (h) before

being stained with propidium iodide for cell cycle analysis

Cell cycle parameters (%)

Oh 24 h 48 h 72 h

Sub-G; G¢/G, S Go/M  Sub-G; Gy/G; S Go/M  Sub-G; Gy/G; S G,/M  Sub-G; Gy/G;, S G,/M
Sa 032 64.3 15.7 245 8.42 1628 426 425 274 16.3 324 246 293 18.5 5.16 19.6
Sb  0.28 56.8 135 227 122 15.8 4.19 524 317 14.2 428 382 364 10.6 728 293
Se¢ 0.24 53.6 146 234 113 19.4 383 419 288 224 528 222 313 21.5 9.04 21.7
5d 0.18 68.4 12.3 19.3 7.43 14.3 377 652 365 6.47 329 446 475 725 4.08 356
Se 0.15 69.6 926 18.8 137 17.4 4.18 587  38.1 8.16 342 434 493 6.18 3.62 36.7
5f 0.17 55.3 146 214 9.37 12.5 358 562 358 7.15 3.08 49.8 50.2 439 263 324
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Fig. 15 Treated animals (both ed (3
male and female) with Se and ”
vehicle fails to reveal any
detectable pathologic
abnormalities in normal tissues
that are active in normal cell
proliferation. Panels represent
H&E staining of paraffin-
embedded 5 p-thick sections of
the liver, kidney, spleen, lung,
heart, duodenum and brain from
Se-treated and untreated groups
of mice under x200
magnifications. The liver
showed normal hepatic lobular
architecture. The kidneys
revealed normal glomeruli,
proximal and distal tubules,
interstitium, and blood vessels.
The splenic follicles and
vascular sinusoids were
indistinguishable between the
Se-treated and vehicle-treated
groups. The lung tissue showed
normal alveoli and the heart
muscle showed normal
morphology among the two
groups. Microsections of brain
did not reveal any infracted
areas. The cerebral cortex, gray
and white matters appeared
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Fig. 16 Treated animals (both male and female) with 5e show no
deviation in the toxicity profile when compared with vehicle-treated
controls. Figure shows no toxicities related to hematological variables
(a, b) WBC count (WBC), monocytes (MON), eosinophils (EOS),
RBC count (RBC), hemoglobin concentration (HB), Hematocrit
(HCT), mean corpuscular volume (MCV), mean corpuscular hemo-
globin (MCH), mean corpuscular hemoglobin concentration (MCHC)

Also, during the dosage regimen, no abnormal behavior
regarding food and water consumption and body weights
was observed.

Conclusion

Inspired by the improved binding affinity by computational
methods for the designed derivatives, we have provided the
simplest methods for the direct and regioselective synthetic
strategies that provided a new series of products in high
quantitative yields. Most importantly, our results show that
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and platelet count. Organ functions (¢, d) liver function tests (alkaline
transaminase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALK phos), bilirubin levels and albulin levels), renal
function tests (blood urea nitrogen (BUN) and creatinine levels).
Electrolyte panels (e) Nat, K¥, CI, and Ca. All show undistin-
guishable profiles among all variables examined for vehicle-treated
and Se-treated groups

biaryl inserted noscapine analogues have higher affinity to
tubulin compared to the parent compound, and that the
substitution impacted their therapeutic potential for a variety
of cancer types. Furthermore, the mechanism of cell death
caused by these analogues is preserved, such that, like
noscapine, cell death was preceded by extensive mitotic
arrest. In vivo toxicological evaluation of one of the com-
pounds Se did not reveal any toxicity in the vital organs such
as liver, kidney, spleen, lung, heart, brain and duodenum. In
addition, there was no significant difference in hematologi-
cal and blood biochemical parameters between the treated
and untreated groups. Our data thus show compelling
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evidence that these analogues possess considerable potential
for further preclinical and clinical evaluation.
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