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Abstract Our screen for tubulin-binding small molecules
that do not depolymerize bulk cellular microtubules, but
based upon structural features of well known microtubule-
depolymerizing colchicine and podophyllotoxin, revealed
tubulin binding anti-cancer property of noscapine (Ye et al.
in Proc Natl Acad Sci USA 95:2280-2286, 1998). Guided by
molecular modelling calculations and structure—activity
relationships we conjugated at C9 of noscapine, a folate
group—a ligand for cellular folate receptor alpha (FRo). FRo
is over-expressed on some solid tumours such as ovarian
epithelial cancers. Molecular docking experiments predicted
that a folate conjugated noscapine (Targetin) accommodated
well inside the binding cavity (docking score —11.295 kcal/
mol) at the interface between o- and f-tubulin. The bulky
folate moiety of Targetin is extended toward lumen of
microtubules. The binding free energy (AGy;,q) computed
based on molecular mechanics energy minimization was
—221.01 kcal/mol that revealed favourable interaction of
Targetin with the receptor. Chemical synthesis, tubulin-
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binding experiments, and anti-cancer activity in vitro cor-
roborate fully well with the molecular modelling experi-
ments. Targetin binds tubulin with a dissociation constant
(K4 value) of 149 + 3.0 pM and decreases the transition
frequencies between growth and shortening phases of
microtubule assembly dynamics at concentrations that do not
alter the total polymer mass. Cancer cells in general were
more sensitive to Targetin compared with the founding
compound noscapine (ICs in the range of 15-40 uM). Quite
strikingly, ovarian cancer cells (SKOV3 and A2780), known
to overexpress FRa, were much more sensitive to targetin
(ICsg in the range of 0.3—1.5 pM).
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Introduction

Microtubules are highly dynamic structures and their
dynamic instability is responsible for many microtubule-
dependent processes in cells such as cell motility, intracellular
transport, maintenance of cellular morphology and cell divi-
sion. Thus, any agent that changes the assembly or disas-
sembly of microtubules can potentially prevent cell division
by interfering with essential cellular functions. These agents,
most notably colchicine, colcemid, nocodazole, paclitaxel
and the vinca alkaloids have played seminal roles in probing
the basic mechanisms of mitosis, inhibit cell proliferation
and induce cell death [1-4]. Some of these compounds have
been useful clinically in the management of a variety of
neoplasms including ovarian cancer [5], breast cancer [6],
lymphomas, lung cancer [7] and certain types of leukemia
[8]. Mechanistically these drugs bind tubulin and prevent its
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polymerization into microtubules (e.g. vinca alkaloids) or
cause excessive polymerization (e.g. taxanes) resulting in
altered microtubule polymer mass and indiscriminate cell
death in normal and tumour cells [9]. However, drugs with
more subtle effects even at high stoichiometric concentrations
on microtubules that only modulate microtubule dynamics
and do not alter total polymer mass may be clinically useful
and be associated with fewer side effects. We discovered
noscapine (an opium alkaloid widely used as an antitussive
medicine) in a screen for such small molecules and demon-
strated that noscapine: (1) binds stoichiometrically to tubulin,
alters its conformation and assembly properties [10]; (2)
interferes with microtubule dynamics both in vitro and in
living cells [11, 12]; (3) blocks cell cycle progression at
mitosis and causes apoptotic cell death in many cancer cell
types [10, 13]; (4) possesses favourable pharmacokinetic
property in vivo (clearance within ~ 10 h) [14-16]; (5) cau-
ses no significant side effects in tissues such as bone marrow,
spleen, kidney, heart, liver, or small intestine and does not
inhibit primary humoral immune responses in mice [11, 17].

Our research group has been involved in designing better
and more effective derivatives of noscapine through structural
modifications on the isoquinoline and dimethoxy benzyl
furanone ring utilizing molecular modelling calculations
followed by experimental evaluations [18-20]. Computa-
tional docking and competition studies of its derivative,
9-bromo-noscapine, point to binding with tubulin at a site
overlapping with colchicine binding site [21]. The binding site
is located at the interface between a- and f5-tubulin and is large
in volume (1,109.95 Ag) The inner part of the binding cavity
is mostly hydrophobic and the outer part is lined with both
hydrophobic and hydrophilic amino acids. Moreover, the
binding cavity is extended laterally through the inter-proto-
filament interface towards lumen of the microtubule. There-
fore, there seems to be sufficient room available to fit larger
functional groups. Furthermore, our initial efforts have been
quite encouraging in that we have some more effective
derivative of the lead compound, noscapine (Ky value is
152 £ 1 uM) by substituting halogen groups and nitro group
at C9 position with higher binding affinity with tubulin
(K4 value was decreased to 80, 54, 40, 22 uM by substituting
F, Cl, Br, I and 86 pM by substituting NO, group) [18, 19].
Guided by molecular modelling calculations we recently
designed an amino derivative, 9-amino-noscapine, that binds
tubulin with higher affinity, dissociation constant (Ky) value
of 14 £ 1 uM [20] than noscapine. However, there is no
experimental work (such as site directed mutagenesis) has
been done so far in deciphering which amino acids in the
binding site play important role in establishing interaction
with C9 position of noscapine. Encouraged by this result, here
we sought to conjugate even bulkier group such as folate with
the amino group because of two reasons: (1) the binding cavity
is very large and it can accommodate a larger chemical moiety
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and (2) a particular type of folic acid receptor (FR«) is reported
to be an over-expressed biomarker of certain metastatic
aggressive cancer types such as the ovarian cancer [22, 23].

This study conceives folate-conjugated noscapine (also
called Targetin, Fig. 1a) and evaluates specific interactions
with tubulin based upon receptor-centric approaches.
Receptor-centric methods such as molecular docking do
not require experimental structure of the ligand and has
become an essential and powerful platform for the dis-
covery of new compounds and complement experimental
approaches. Inspired by in silico results, we performed the
chemical synthesis, tubulin binding properties, and anti-
cancer activity of Targetin.

Materials and methods
Computational methodology

Protein preparation

The co-crystallized colchicine-tubulin complex structure
(PDB ID: 1SAO, resolution 3.58 A) [24] was used for

Fig. 1 Molecular structure of a Folate-noscapine (Targetin), and
b Noscapine. a Targetin: IUPAC name: 2-[[4-[(2-amino-4-hydroxy-3,
4-dihydropteridin-6-yl) methylamino] benzoylJamino]-5-[[5-(4,5-dim-
ethoxy-3-oxo0-1H-isobenzofuran-1-yl)-4-methoxy-6-methyl-7,8-dihydro-
S5H-[1,3]dioxolo [4,5-g]isoquinolin-9-yl]Jamino]-5-oxo-pentanoic acid,;
Molecular formula: C4H43NgO5; Molecular weight: 853.83. Backbone
atoms were numbered as per [IUPAC nomenclature. b Noscapine: [IUPAC
name: 4,5-dimethoxy-3-oxo-(4-methoxy-6-methyl-7,8-dihydro-5H-[1,3]
dioxolo[4,5-g]isoquinolin-9-yl)-1H-isobenzofuranone; Molecular for-
mula: C19H17NO7; Molecular weight: 371.34. Backbone atoms were
numbered as per [UPAC nomenclature
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molecular docking and rescoring. There are certain amino
acids which are missing in the co-crystallized structure but
are not at close proximity to noscapinoid binding site. We
retained a complex of colchicine-tubulin consisting of only
‘A’ and ‘B’ chains. The multi step Schrodinger’s protein
preparation wizard (PPrep) was used for the final prepa-
ration of protein. Missing hydrogen atoms were added to
the structure automatically via the Maestro interface (ver-
sion 8.5, Schrodinger) leaving no lone pair and using an
explicit all atom model. All the water molecules were
removed from the complex and optimized the hydrogen
bond network using PPrep wizard. The complex obtained
was energy minimized using OPLS 2005 force field with
Polak-Ribiere Conjugate Gradient (PRCG) algorithm. The
minimization was stopped either after 5,000 steps or after
the energy gradient converged below 0.001 kcal/mol.

Ligand preparation

Molecular structures of both Targetin and noscapine were
built using molecular builder of Maestro (version 8.5,
Schrodinger). Both structures were energy minimized
using Macromodel (version 9.1, Schrédinger) and MMFFs
force field with PRCG algorithm (1000 steps of minimi-
zation and energy gradient of 0.001). Each structure was
assigned an appropriate bond order using Ligprep (version
2.4, Schrodinger) and 32 (default value) conformations
were generated for both Targetin and noscapine with cor-
rect chirality.

Ligand docking

We have adapted blind docking approach to predict the
probable site of interaction of Targetin with the o- and
f-tubulin complex. Different binding sites were predicted
using SiteMap (version 2.4, Schrodinger), out of which
only the top ranked five binding sites were selected based
on site-score and volume for docking study. The physico-
chemical properties of these binding sites are included in

Table 1. The receptor-grid files were generated at the
centroid of each predicted binding site using Glide (version
2.5, Schrodinger). A bounding box of size 14A x 14A x
14A was defined in tubulin and centered on the mass center
of each binding site in order to confine the mass center of
the docked ligand. The larger enclosing box of size
20A x 20A x 20A was also defined (which occupied all
the atoms of the docked poses). The dimension of both
bounding box and enclosing box was optimized from many
initial trials. The scale factor of 0.4 for van der Waals radii
was applied to atoms of protein with absolute partial
charges less than or equal to 0.25. Both Targetin and
noscapine were then docked into each predicted binding
site using Glide XP (extra precision) docking and refined
further by QPLD (quantum mechanical-polarized ligand
docking). QPLD is an improved docking method that
incorporates quantum mechanical and molecular mechan-
ical (QM/MM) calculations. It replaces the partial charges
on ligand-atoms (assigned initially by force field during
Glide XP run) with charges derived from QM calculations
of ligand in the field of the receptor for each ligand-
receptor complex. The QM charges were calculated from
the electrostatic potential energy surface of the ligand
generated from a single-point calculation using 3-21G
basis set with BLYP (Becke’s exchange potential and Lee—
Yang—Parr correlation functional) density function. These
ligands with updated atomic charges were then redocked
onto the binding site using Glide XP. The detailed algo-
rithm of the Glide docking has been described previously
[25, 26]. Briefly, Glide approximates a systematic search of
positions, orientations, and conformations of the ligand in
the receptor binding site using a series of hierarchical fil-
ters. The shape and the properties of the receptor are rep-
resented on a grid by several different sets of fields that
provide progressively accurate scoring of the ligand pose.
Out of the 5,000 poses, that were sampled initially through
exhaustive search of the torsional minima, 800 poses per
ligand were selected for energy minimization (conjugate
gradients 1,000 steps). The 10 lowest-energy poses obtained

Table 1 Docking results (Glide XP) of Targetin and noscapine with respect to different binding sites predicted by SiteMap (Schrodinger Inc.)

Site ID  Site score  Volume (A)3 Exposure  Enclosure  Hydrophobic = Hydrophilic =~ Donor/acceptor  Glide XP score (kcal/mol)
Targetin Noscapine

1 1.081 1,109.95 0.424 0.819 0.564 1.341 0.590 —11.128 —4.727

2 1.037 167.04 0.539 0.751 1.311 0.764 1.524 —9.670 —4.075

3 1.028 598.88 0.586 0.701 0.345 0.870 1.762 —3.865 —3.436

4 0.903 134.46 0.462 0.725 0.340 0.348 0.787 —2.436 —2.375

5 0.837 98.44 0.523 0.680 0.120 0.376 1.197 —2.877 —2.316

Site 1, located at the interface between o- and f-tubulin is having better Glide score for both ligands. The physiochemical properties of the
predicted binding sites are included. Predicted binding site 1 with higher values of site score, volume, enclosure, hydrophilicity and lower value
of donor/acceptor ratio, in comparison to other binding sites reveals that this binding site is more appropriate for accommodating bulkier

derivative like Targetin (consisting of many polar groups)
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were subjected to post docking minimization (Monte Carlo
sampling based on torsional minima and refining the ori-
entation of side groups of ligand) and evaluated using a
GlideScore function [27]. The choice of the best pose is
made using a model energy score (Emodel) that combines
the energy grid score, GlideScore, and the internal strain of
the ligand.

Binding affinity prediction

A single best conformation for each ligand from QPLD was
considered for rescoring based on two receptor-centric
approaches, such as Prime MM-GBSA (molecular mechan-
ics-generalized Born surface area) and Liaison (linear inter-
action approximation in implicit solvation), using the LSBD
(ligand and structure based descriptors) application of the
Schrodinger software package. A brief overview of these
methodologies is described as follows.

Prime MM-GBSA calculation

Prime MM-GBSA calculates the free energy of binding
between a ligand and a receptor. This method combines
OPLS molecular mechanics energies (Enpy), surface gen-
eralized Born solvation model for polar solvation (Gsgg),
and a nonpolar solvation term (Gyp) in order to calculate the
total free energy of binding between the receptor and the
ligand as follows. Gnp term comprises the nonpolar solvent
accessible surface area and van der Waals interactions.

AGbind = Gcomplex - (Gprotein + Gligand) (1)
G = Emm + Gsgs + Gnp

The docked poses were minimized using the local
optimization feature in Prime (version 2.2, Schrodinger)
and the energies were calculated using the OPLS 2005
force field and the GBSA continuum solvent model as
described previously [28, 29]. During energy minimization,
all the residues of the protein beyond 12 A from the bound
ligand were kept frozen.

Liaison calculations

Liaison (Liaison 4.0, Schrodinger) calculates various polar
and non-polar energy components that are essential for the
binding affinities between ligands and receptors by con-
sidering only two states: (1) free ligand in the solvent and
(2) ligand bound to the solvated protein, using the surface
generalized Born (SGB) implicit continum solvation model
[30]. Sampling technique such as hybrid Monte Carlo
(HMC) was used for sampling the conformation of each
ligand. A truncated Newton minimization (1,000 steps,
OPLS 2005 force field) was first performed starting from
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the initial docked structures. The system was initially
heated to 300 K in 5 ps and then subjected to a MD sim-
ulation for 15 ps. A residue-based cut off of 12 A was set
for the non-bonding interactions. The non-bonded pair list
was updated every 10 fs. The time integration step of 1.0 fs
and sampling of energies in every 10 steps was used.
During the MD simulations, all the residues of the protein
beyond 12 A from the bound ligand were kept frozen. The
time integration step of 1.0 fs and sampling of energies in
every 10 steps was used as described previously [31]. The
ensemble average energies for the ligand from bound and
free form were obtained by performing MD simulations as
per the receptor-ligand complex and subtracted to calculate
the contribution of various energy terms in binding affinity
of a ligand to a receptor as follows:

AG4, = <<U1117dw> - <Ude>>
AGeot = (V) = (Uluus))

AGran = ((Up) = (Ulin))
AGea = ((Ugw) = (Uln)) @)

Here () represent the ensemble average, b represents the
bound form of the ligand and frepresents the free form of the
ligand. U, s Ucouss Uy and U, are the van der Waals,
coulombic, reaction field 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. Thus,
the difference: (U ) — (U/,,) measures the surface area
lost by contact with the receptor. The contribution for net free
energy of solvation comes from reaction field energy (U,.,,)
and cavity energy (U..,): Usgs = U,y + U,a,. The cavity
and reaction field energy terms implicitly take into account
the van der Waals and the electrostatic interactions between
the ligand and solvent. The electrostatic energy contribution
was calculated as the sum of coulombic and reaction field
energy terms.

Experimental methods
Chemical synthesis of Targetin

General '"HNMR and '*C NMR spectra were measured in
CDCI3 on INOVA 400 NMR spectrometer. All proton NMR
spectra were recorded at 400 MHz and were referenced with
residual chloroform (7.27 ppm). All carbon NMR spectra
were recorded at 100 MHz and were referenced with
77.27 ppm resonance of residual chloroform. Abbreviations
for signal coupling are as follows: s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet. Infrared spectra were recor-
ded on sodium chloride discs on Mattson Genesis II FT-IR.
High resolution mass spectra were collected on Thermo
Finnigan LTQ-FT Hybrid mass spectrophotometer using
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3-nitrobenzyl alcohol, in some cases with addition of Lil as a
matrix. Melting points were determined using a Thomas
Hoover melting point apparatus and were uncorrected. All
reactions were conducted in oven-dried (125 °C) glassware
under an atmosphere of dry argon. All common reagents and
solvents were obtained from commercial suppliers and used
without further purification unless otherwise indicated.
Solvents were dried by standard methods. The reactions were
monitored by thin layer chromatography (TLC) using silica
gel 60 F254 (Merck) precoated aluminium sheets. Flash
chromatography was carried out on standard grade silica gel
(230-400 mesh).

Targetin was synthesized by coupling folic acid acti-
vated ester, NHS-folate, to 9-amino-noscapine. Synthesis of
9-amino-noscapine was discussed previously (Scheme 1)
[20]. Briefly, noscapine (1) was dissolved in minimum
amount of 48% hydrobromic acid and then cautiously added
freshly prepared bromine water. The reaction mixture was
stirred for 1 h at 25 °C and the pH was adjusted to 10 to
afford 9-bromo-noscapine (2) in 82% yield. Refluxing of
compound 2 in DMF with sodium azide and sodium iodide
for 15 h produced 9-azido-noscapine (3) in quantitative
yield. Reduction of 9-azido-noscapine with tin(II) chloride
in the presence of thiophenol and triethylamine in THF for
2 h at 25 °C afforded 9-amino-noscapine (4) in 83% yield.

Synthesis of NHS-folate Briefly, Folic acid (10 mmol) was
dissolved in dimethylsulfoxide (DMSO, 100 mL) in a flask.
To this flask were added NHS (11 mmol) and dicyclohex-
ylcarbodiimide (DCC, 11 mmol) sequentially under nitrogen
atmosphere. The y-carboxyl group is highly reactive com-
pared to the tertiary carboxyl, and is further activated by using
1.1 molar excess of DCC to make an activated ester [32]. The
reaction mixture was stirred overnight in dark at 25 °C. NMR
spectral data do not suggest any intra-molecular reaction.
Further evidence of chemical shifts of folate-NHS signals the
folate backbone 5§ and compound 6 and there was no peak at
12.36 ppm corresponding to the y-carboxyl group on the
spectra of folate-NHS compound 7 compared to that of folate
5 indicated that y-carboxyl group of folate was conjugated
with the N-hydroxy group of compound 6. The insoluble and

0
¢ 1
CH3  HB/Br,-H,0 NaNs/MNal
RT/1h DMF/80 °C/15h
Hco OCHs OCH,
1 2

low molecular weight by-products were removed from the
extraction mixture by filtering through a thick Celite pad. The
folate-NHS product was further purified by loading onto a
diethylaminoethyl (DEAE)-trisacryl anion exchange column
and elucidated with an NH,;HCOj; gradient. The folate-NHS
was elucidated at 20 mM NH4HCO3, lyophilized and stored
at —20 °C. The purity of the product was analyzed by silica
gel thin-layer chromatography (TLC) using a solvent system
composed of CH,Cly/methanol (7/3, v/v) and the folate
content of product was determined by using UV extinction at
363 nm. The yield was 84%.
Spectral details for characterization of NHS-folate:

IR: 2817(m), 2792(m), 2687(m), 1803(s), 1794(m),
1615(m), 1512(s), 1345(s), 1251(s), 1099(s), 935(w) cm-
1; 1H NMR (CDCI3, 400 MHz), § 11.21 (s, 1H), 8.42
(s, 1H), 8.12 (bs, 1H), 7.91 (d, 2H, J = 6.3 Hz), 6.63 (d,
2H, J = 6.3 Hz), 5.71 (bs, 1H), 4.73 (m, 1H), 4.45 (m,
2H), 4.1 (bs, 1H), 2.77 (t, 4H, J = 2.3 Hz), 2.31 (t, 2H,
J = 2.2 Hz),2.23 (m, 2H), 2.2 (bs, 1H), 2.0 (bs, 3H). 13C
NMR (CDCI3, 100 MHz), 6 177.6 x 2, 168.8 x 2,
167.9, 163.3, 162.2, 151.9, 147.1 x 2, 142.8, 128.3 x
2,121.7,113.1 x 2,72.1,57.0 x 2,26.2,25.0,21.8 x 2;
HRMS (ESI): m/z calculated for C23H24N8O8 (M+1),
540.4912; experimentally determined, 541.2132 (M+1)
(Scheme 2).

Conjugation of NHS-folate with amino-noscapine To a
flask containing 9-amino-noscapine (10 mmol) dissolved
in DMSO (100 mL) was added a solution of above-syn-
thesized NHS-folate in DMSO under nitrogen atmosphere.
The reaction mixture was stirred overnight in dark at
25 °C. The progression of the reaction was monitored by
the depletion of primary amine measured by a ninhydrin
assay (TLC system: 20% methanol in chloroform, plus
0.1% of acetic acid). The solvent DMSO was removed by
evaporation in vacuo and the residue was dissolved in
chloroform, filtered through a thick Celite pad to remove
insoluble by-products. The filtrate was evaporated and the
residue was purified by flash column chromatography (15%
methanol in chloroform) to obtain Targetin (8) in 72%

Scheme 1 Synthesis of 9-bromo-, 9-azido-, and 9-amino-noscapine derivatives
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Scheme 2 Synthesis of folic acid activated ester (NHS-folate)

yield. When analyzed by silica-gel thin-layer chromatog-
raphy, the product Targetin appeared as a single spot with a
retention value of 0.85 (Scheme 3).

Spectral details for characterization of Targetin:

Yield: 72%; mp 123-124 °C; IR: 2945(m), 2800(m),
1759(s), 1612(m), 1500(s), 1443(s), 1263(s), 1091(s),
933(w) cm™'; 'H NMR (CDCl;, 400 MHz), 6 11.44 (s,
1H), 8.64 (s, 1H), 8.14 (s, 1H), 8.11 (s, 1H), 7.66 (d, 1H,
J=6.1Hz), 7.63 (d, 1H, J = 6.1 Hz), 7.27 (d, 1H,
J=6.1Hz), 725 (d, 1H, J = 6.1 Hz), 6.95 (t, 1H,
J = 2.2 Hz), 6.65 (d, 1H, J = 4 Hz), 5.99 (s, 4H), 5.53
(d, 2H, J = 4 Hz), 4.49 (bs, 1H), 3.94 (s, 3H), 3.86 (s,
3H), 3.79 (s, 3H), 3.34 (s, 4H), 2.56-2.45 (m, 7H), 2.40-
2.25 (m, 4H); >C NMR (CDCI3, 100 MHz), § 175.2,

171.8, 168.1, 167.5, 163.4, 162.1, 152.8, 149.7,
145.8 x 3, 1439, 141.0, 138.3, 134.0, 129.1 x 2,
127.2, 1209 x 2, 1199, 117.8, 1159, 11438,

1134 x 2, 90.5, 83.5, 82.8, 70.6, 58.5, 57.0 x 2,
56.5 x 3, 52.0, 36.4, 28.2, 27.0, 22.1; HRMS (ESI):
m/z calculated for C4;H43NoO;» (M—+1), 853.8312;
experimentally determined, 854.7522 (M+1).

Tubulin binding assay

Microtubule proteins (MTP) were isolated from goat brain
in the presence of 1 M glutamate and 10% v/v DMSO by
two polymerization-depolymerization cycles as described

NHS-Folate, 7

9-Amino-Noscapine, 4

Scheme 3 Conjugation of NHS-folate with 9-amino-noscapine
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previously [33]. Tubulin was then purified using phos-
phocellulose chromatography [33, 34]. Tubulin concen-
tration was determined by the method of Bradford using
bovine serum albumin (BSA) as the standard. The purified
tubulin was quickly frozen as drops in liquid nitrogen and
stored at —80 °C until further use.

Binding of Targetin with tubulin was studied using a
tryptophan-quenching assay as described previously [20,
35]. Briefly, Targetin (0-100 pM) was incubated with
2 pM tubulin in 25 mM PIPES, pH 6.8, 3 mM MgSO,,
and 1 mM EGTA for 45 min at 37 °C. The relative
intrinsic fluorescence intensity of tubulin excited at 295 nm
was then monitored in a JASCO FP-6500 spectrofluorom-
eter (JASCO, Tokyo, Japan). The fluorescence emission
intensity of Targetin at this excitation wavelength was
negligible. A 0.3 cm path length cuvette was used to
minimize the inner filter effects caused by the absorbance
of these agents at higher concentration ranges. In addition,
the inner filter effects were corrected using a formula
Fcorrected = Fobserved'antﬂog [(Aex + Aem)/z]s 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/B = Ky/
[free ligand] + 1, where B is the fractional occupancy and
[free ligand] is the concentration of free Targetin. The
fractional occupancy (B) was determined by the formula
B = AF/AF,,,, where AF is the change in fluorescence
intensity when tubulin and its ligand are in equilibrium and

9-Folate-Noscapine (Targetin), 8
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AF . 18 the value of maximum fluorescence change when
tubulin is completely bound with its ligand. AF,,., was
calculated by plotting 1/AF versus 1/ligand, using total
ligand concentration as the first estimate of free ligand
concentration.

Tubulin polymerization assay

Goat brain tubulin (1.0 mg/mL) was mixed with different
concentrations of noscapine (25 or 100 uM) or Targetin
(25 or 100 pM) at 0 °C in an assembly buffer (100 mM
pipes at pH 6.8, 3 mM MgS0,, 1 mM EGTA, 1 mM GTP,
and 1 M sodium glutamate). Polymerization was initiated
by raising the temperature to 37 °C in the water bath. The
rate and extent of the polymerization reaction were moni-
tored by light scattering at 550 nm, using a 0.3 cm path
length cuvette in a JASCO FP-6500 spectrofluorometer
(JASCO, Tokyo, Japan) for 30 min (samples were also
removed for electron microscopic examination).

Microtubule dynamics analyses

For the analysis of microtubule dynamic instability we
used cells stably transfected with green fluorescent protein-
tagged o-tubulin (LLCPK-1o). The flat morphology of
these cells enables us to visualize microtubule dynamics,
individual microtubules are discernable in peripheral cell
margins. Cells were treated with 5 and 10 uM Targetin for
60 min prior to imaging. Images were acquired at 6-s
intervals with a Nikon Eclipse 300 microscope using a
x 100, 1.3 numerical aperture objective lens and a micro-
max interline transfer cooled charge-coupled device cam-
era (Roper Scientific) as previously described [11]. The
positions of the microtubule ends were followed using the
“track points” function of Metamorph software (Universal
Imaging Corporation, Downington, PA) for all quantitative
studies presented. A life history plot was generated for each
microtubule and the phases of growth, shortening, and
pause were selected. Only changes greater than 0.5 pm
were considered for growth or shortening events. Changes
less than 0.5 um were included in the attenuated “pause”
state. The duration, distance, rate of growth and shortening
events were determined. The frequency of catastrophic
events was determined by dividing the sum of the number
of transitions from growth to shortening and from pause to
shortening, by the sum of the duration of growth and pause.
The frequency of rescue was determined by dividing the
total sum of the number of transitions from shortening to
growth and from shortening to pause by the time spent at
shortening. Dynamicity is perhaps the best parameter to
reflect overall dynamics and it was calculated by dividing
the sum of the total length grown and shortened by the life
span of the microtubule [11].

In vitro cell proliferation

The cell proliferation assay was performed in 96-well
plates as described previously [12]. A panel of six cancer
cell lines of different tissue origins such as lung (A549),
colon (HCT116), prostate (DU145), breast (T47D), and
ovarian (SK-OV3, 1A9) were considered for the assay. In
brief, 2 x 10> cells were seeded in each well and incu-
bated with gradient concentrations of Targetin and nosca-
pine for 72 h. The cells were then fixed with 50%
trichloroacetic acid and stained with 0.4% sulforhodamine
B dissolved in 1% acetic acid. Cells were then washed with
1% acetic acid to remove excess (unbound) dye. The
protein-bound dye was extracted with 10 mM Tris base to
determine the optical density at 564 nm wavelength using a
SPECTRAmax PLUS 384 microplate spectrophotometer
(Molecular devices, Sunnyvale, CA).

Results and discussion

This study was inspired by our identification of position C9
on isoquinoline ring of noscapine that can accommodate
substituents such as amino and azido groups [20] without
interfering with tubulin interactions. (In fact, tubulin
interactions can be enhanced substantially by modifications
[18-20].) This encouraged us to explore if larger chemical
moieties, such as small ligands for cellular receptors, can
be accommodated at this position without compromising
its anti-cancer effects. The primary motivation for this was
to target cancer sub-types with known over expressed cell
surface receptors in future. As a proof-of-concept, we ini-
tially chose a folate moiety primarily because a special
type of its receptor (FRa) is over-expressed in certain
cancer subtypes such as the ovarian epithelial carcinomas.

Computational study

The best way to understand the noscapinoid binding site is to
obtain a co-crystal structure with tubulin, which is not yet
possible so far. Alternatively, only one piece of experimental
evidence (competition interaction of Br-noscapine with
colchicine binding) is so far reported that revealed a binding
site of noscapinoid at or near the colchicine binding site of
tubulin [21]. We reported that Br-noscapine produced a
competition of 66% with colchicine at a concentration of
100 pM. The extensive molecular modelling efforts reported
previously revealed that most of the binding site amino acids
for both noscapinoids and colchicine are almost identical
(only few amino acids are uniquely involved in the binding of
both the ligands with tubulin). Colchicine binding is biased
more towards f-tubulin, whereas noscapinoids were inter-
acted with both a- and f-tubulin. Since only one piece of
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experimental evidence for binding of noscapinoid with
tubulin is available and it will be experimentally difficult to
realize the co-crystal structure of noscapinoid with tubulin

due to unstability of tubulin structure, we adapted blind
docking approaches to understand the mode of interactions
of Targetin and noscapine with tubulin. Infact most of the

Table 2 Refinement of Glide XP docking poses of Targetin and noscapine with QPLD and their energy scores

Ligand QPLD score Glide energy (kcal/mol) Glide E, 4, Glide E.oy Glide Hyong Glide E,ogel
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Targetin —11.295 —61.599 —17.198 —44.401 —2.092 —72.598

Noscapine —4.752 —24.363 —9.341 —15.022 —0.700 —26.439

QPLD generated more precise binding conformations of both lignads with increased binding affinity in comparison to standard Glide XP docking

Fig. 2 Typical snapshots of
Targetin (a, ¢) and noscapine
(b, d) bound to tubulin at the
interface between o- and
f-tubulin from QPLD (quantum
polarized ligand docking). In
case of Targetin the folate
moiety protrudes laterally
through the inter-protofilament
interface towards lumen of the
microtubule (c), whereas the
conjugated noscapine is biased
towards the fS-tubulin. Stathmin-
like domain is represented in
red ribbon colour
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binding site amino acids elucidated from docked Targetin
and noscapine in this manuscript also include the amino
acids resolved from the Br-noscapine binding site, although a

Fig. 3 Both Targetin and noscapine are well accommodated in the
binding cavity of tubulin. At the outer side of the binding site the
folate moiety of Targetin protrudes laterally towards the microtubule
lumen. The conjugated noscapine of Targetin buried inside the
binding cavity (image is presented as translucent to visualize the
burried hidden parts). The noscapine molecule alone is also docked
inside the binding cavity and is overlaid with the conjugated
noscapine of Targetin

Fig. 4 Comparison between
quantum mechanical charges
(a, b), and MMFFs force field
charges (c, d) for Targetin and
noscapine from standard Glide
docking and QPLD. Significant
changes in partial charges of
both ligands exist after QPLD in
comparison to standard
Glide-XP docking

larger binding cavity has inspired that accommodated a
larger derivative like Targetin. For an example the amino
acids such as CYS B 241, ALA B 250, LYS B 254, LEU B
255, LYS B 352 and THR B 353 are involved in the inter-
action of both Br-noscapine, Targetin and Noscapine with
tubulin.

Both the ligands were docked into the predicted binding
sites using flexible docking procedure in Glide XP. Five
different binding sites with different site scores were pre-
dicted with different physiochemical properties (Table 1).
Predicted binding site 1 with higher values of site score,
volume, enclosure, hydrophilicity and lower value of
donor/acceptor ratio, in comparison to other binding sites
reveals that this binding site is more appropriate for
accommodating bulkier derivative like Targetin (consisting
of many polar groups). The docking results also revealed
that both Targetin and noscapine bind with better docking
score (—11.128 and —4.727 kcal/mol) and Emodel energy
(—90.643 and —25.463 kcal/mol) with predicted binding
site 1, located at the interface between o- and f-tubulin
(Table 1). Targetin shares higher values of electrostatic
interaction (E.y,;) and van der Waals interaction (E,g,)
energies predicted by Glide-XP (Table 2) because of the
polar and non polar interactions of substituted distal folate
group with the binding site amino acids.

Obtaining accurate structural information on the binding
pose of a ligand into a binding site is essential to the design
of optimized lead compounds in computer-aided drug

(b)

-0.30
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Fig. 5 Three-dimensional
representations of the mode of
interactions observed between:
a tubulin and Targetin, b tubulin
and noscapine. Only the amino
acids within 4.0 A from the
docked ligand are shown in the
figure. a Targetin interacts with
the residues of tubulin with 5
hydrogen bonds (lines) and

b the interaction of noscapine
with the residues of tubulin that
involve only two hydrogen
bonds (line). Targetin and
noscapine interacts partially
with both o-tubulin (blue
carbons) and f-tubulin (deep
yellow carbons). Some amino
acids (ASN A101, ALA A180,
CYS B241, GLN B244, LEU
B248, ASN B246, LEU B255,
ALA B256, MET B259) that
overlay above the ligands have
been removed to improve the
clarity in figures. The different
energy parameters are:
columbic interaction (E.qy;), van
der Waal interaction (E, ,) and
hydrogen bonding interaction
(EHbond)

ASN B258

(b)

LEU B242

VAL A181
i LYS B362
ASN B258

Tubulin Targetin Distance (A)
ALA B 354 CB 09 1.610
THR B 353 CA C4* 2.192
TYRA224 LYSB352 CD N5* 2.615
1 MET B 259 CE C3” 1.545
ASN B 258 ND2 | 087, 019* 1.689
ALA B 256 CB Cc4” 3.863
LEU B 255 CD2 cs5” 1.507
LYS B 254 CD o7” 1.164
LEU B 252 CD2 cy 3.007
ASPB 251 C C12 2.063
ALA B 250N c2 1.005
ASN B 249 CG c2 3.093
LEU B 248 CD1 03’ 0.867
GLN B 247 CD Ci12 2.496
LEU B 242 CDI C6 3.308
CYS B 241 CA C5 1.475
TYR A 224 CZ C7* 2.628
VAL A 181 CA Cl1* 2.409
ALA A 180 CB Cl13* 2911
SER A 178 O N10* 1.762
VAL A 177 CB N8* 3.313
GLY A 144 CA C1” 3.274
GLY A 143 CA C1” 3.896
GLN A 11 NE2 N18* 2.439
Tubulin Noscapine | Distance (;\)
ALA B 354 CB N6’ 1.949
THR B 353 CA cy 3.165
LYSB352 CD c2 2.426
MET B 259 CE Cl12 3.588
ASN B 258 CB C12 3.470
THR 8353 ALA B 256 CB C4 2.713
LEU B 255 CD2 C5 1.315
LYS B 254 CD C5 1.609
. LEUB 252N 09,010 0.734
ASPB 251 C Ci12 2.427
ALA B354 ALA B 250 CA Cl12 1.462
ASN B 249 CG Cl12 3.793
LEU B 248 CDI Cl12 2.639
GLN B 247 CD Ci2 3.496
NOSCAPINE LEU B 242 CD1 C6 3.058
CYS B 241 CA Cc7 1.372
VAL A 177 CB c2 3.455
SER A 178 CA c2 3.823

discovery. Accurate calculation of atomic partial charges of
aligand in the field of the receptor would result in improved
docking results. Therefore, we refined the binding poses of
both the ligands from Glide XP docking (which relies on the
default force field charges) using QPLD after optimizing the
atomic charges by QM/MM calculation. QPLD provided a
more precise binding pose of Targetin and noscapine with
improved docking score of —11.295 and —4.752 kcal/mol.
The top scoring poses returned by QPLD were analyzed
using Maestro graphical interface. Both ligands docked
well at the interface between o- and f-tubulin (Fig. 2a—d).
However, the bulky folate moiety of Targetin extends lat-
erally through the inter-protofilament interface towards
lumen of the microtubule (Fig. 2c). Targetin is also well
accommodated inside the binding cavity due to availability
of enough space. The folate moiety is well placed at the distal
part of the binding cavity, whereas the conjugated noscapine
is buried inside the binding cavity and overlaid with the lead
compound, noscapine (Fig. 3). The existence of significant
changes in partial charges of both ligands (Fig. 4) after

@ Springer

QPLD in comparison to standard Glide-XP docking have
significantly improved the binding poses of both the ligands
with tubulin. The binding mode of Targetin and noscapine
involves interactions with both «- and -tubulin (Fig. 5). The
folate moiety of Targetin is extended laterally to interact with
the o-tubulin, whereas the conjugated noscapine is biased to
interact with f-tubulin (Fig. 5a). Five hydrogen bonds are
involved in the binding of Targetin with tubulin. The nitro-
gen atoms (N10* and N18*) of folate moiety form H-bonds
with the carbonyl oxygen of SER 178 (bond length 3.05 A,
and GLN 11 (bond length 2.98 A) of o-tubulin, the oxygen
atoms (08" and O19%) of folate moiety form H-bonds (bond
length 2.82 and 3.03 A) with side chain nitrogen (ND2) of
ASN 258 of S-tubulin, whereas the oxygen atom (O1") of
isoquinoline ring of the conjugated noscapine is involved in
H-bonding (bond length 2.86 A) with backbone nitrogen of
ALA 250 of f-tubulin. In case of the lead molecule, nosca-
pine, both the oxygen atoms (O9 and O10) of dimethoxy
groups in the isobenzofuranone ring involve H-bonding
interactions (bond length 2.86 and 2.9 1&) with LEU 252
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of f-tubulin. Furthermore, both ligands showed desirable
hydrophobic interactions with the hydrophobic residues
within the binding cavity as mentioned in Fig. 5. The energy
decomposition of binding site amino acids (e.g. columbic,
van der Waals, and hydrogen bond energy) involved in the
interaction of Targetin and noscapine is included in Fig. 6.
The favourable H-bonding, columbic, and hydrophobic
interaction energies make both compounds active and
selective for tubulin.

In order to maximize the utility of computer-aided drug
discovery methods the binding affinities of both ligands
with tubulin were calculated by molecular mechanics
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Fig. 6 Energy contribution (Ecoul: Columbic interaction and E,;,
vander Waals) of binding site amino acids with a Targetin, and
b Noscapine

energy minimization of QPLD docked complexes using
Prime MM-GBSA and Liasion. Various descriptors
extracted from the structural information on ligand-recep-
tor complex have added valuable information in our in
silico evaluation of the ligands for a reliable binding-
affinity. Concisely, various energy components that con-
tribute to the binding energy such as free energy, solvation
energy, and surface area energy were calculated for the
complex holoenzyme, apoenzyme, and free ligand. Binding
free energy (AGyinq) Was calculated as the sum of differ-
ence between energy of complex holoenzyme and sum of
energy of apoenzyme and free ligand. The AGy,,q energy
calculated based on Prime MM-GBSA for Targetin and
noscapine was —221.012 and —30.441 kcal/mol (Table 3).
The higher binding energy of Targetin in comparison to
noscapine was due to largest contribution of electrostatic,
van der Waal, and ligand strain energy (Table 3), which is
expected due to the substitution of folate group that interact
favourably with a binding cavity lined with hydrophobic
and hydrophilic amino acids. The large value of cavity
energy for Targetin signifies the fact that binding is largely
driven by the ligand’s ability to bury itself in the bind-
ing cavity as evident from the high value of ligand
strain energy (49.82 kcal/mol) in contrast to noscapine
(11.65 kcal/mol). The energy of Targetin in free form is
—116.86 kcal/mol whereas in complex with receptor is
—67.04 kcal/mol. Hence, maximum energy is lost (repre-
sented as ligand strain energy) due to favourable interac-
tion of Targetin with the receptor. There are subtle
interactions between folate moiety at the distal part of the
binding cavity as well as the conjugated noscapine at the
bottom of the binding cavity.

Chemical synthesis

Inspired by molecular modelling evaluation of Targetin as
a potent molecule that could retain binding with tubulin,
we sought to experimentally test this idea. To do this, we
first synthesized Targetin by coupling folic acid activated
ester, folate-NHS to 9-amino-noscapine. The y-carboxylic
group of folic acid was not reactive enough to participate in
the coupling reaction and hence was activated using
N-hydroxysuccinimide (NHS) and dicyclohexylcarbodiimide

Table 3 Calculated energies and estimated binding free energy (AGy;,q) of Targetin and noscapine with tubulin based on molecular mechanics

energy minimizations

Ligand Prime MM-GBSA AGping Prime MM-GBSA Ligand strain (Uvaw) (Uete) (Ucar)
(kcal/mol) energy (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Targetin —221.01 49.82 —73.29 —148.46 11.13

Noscapine —30.44 11.65 —54.46 50.22 2.29

(Uvaw), (Uele), and, (Ueqy) energy terms represents the ensemble average energy terms calculated as the difference between bound and free state
of ligands and their environments. The various energy parameters are: vdw van der Waals energy; ele electrostatic energy and cav cavity energy
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Fig. 7 Binding of Targetin to tubulin as measured by fluorescence
quenching of tubulin. a Quenching of tubulin fluorescence emission
by Targetin in a concentration-dependent manner (control 0 uM
(filled circle), 10 pM (open circle), 20 uM (inverted filled triangle),

(DCC) as coupling reagent in DMSO to produce NHS-
folate which was then reacted with 9-amino-noscapine.
Followed by the successful synthesis of Targetin in good
yield (72%) we evaluated experimentally the binding
affinity of Targetin with tubulin in vitro, interference with
tubulin polymerization, impact on microtubule dynamics,
and effects on cancer cell growth as follows.

Biological studies
Effects of Targetin on tubulin binding

Noscapine was previously found to bind tubulin with a
dissociation constant (K4) of 152 & 1 uM [20]. To test if
Targetin also retains the tubulin-binding property of nos-
capine, we have used the standard tubulin-binding assay
(fluorescence quenching titration) [12, 20] in presence of
different concentrations of Targetin. We found that Tar-
getin binds tubulin in a concentration-dependent manner
(Fig. 7a, as evident from the fluorescence quenching) with
a dissociation constant of 149 £ 3.0 pM (Fig. 7b). This
result revealed that Targetin retains the tubulin binding
property of noscapine. The Ky value of 152 £ 1 uM for
noscapine in these experiments is ~ 8% off from the value
of 144 £ 2.8 uM reported by Zhou et al. [35]. This could
be due to different experimental conditions in these studies
or the variability due to the well known time dependent
decay of tubulin during the course of the experiment.
Therefore, the minor differences in the K4 value of Tar-
getin binding to tubulin (149.3 4+ 3 uM) cannot be taken to
be significantly different from that of noscapine. Never-
theless, because Targetin is a noscapinoid designed to be
preferentially taken up by FRoa over-expressing cancer
cells, it is expected to have much higher biological activity
compared to noscapine. The superiority of Targetin in
comparison to other potent derivatives such as 9-nitro,
9-bromo and 9-amino derivatives of noscapine (with much
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and 100 uM (filled diamond). b Double-reciprocal plot showing a
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Fig. 8 Effects of noscapine and Targetin on the assembly of tubulin
into microtubules in vitro at two concentrations: lower (25 uM) and
higher (100 uM). An equivalent amount of the solvent DMSO was
used as a control

lower Ky value) is by virtue of the built in folate moiety in
Targetin, it will concentrate intracellularly to a much
higher concentrations than free noscapine. Therefore,
although noscapine and Targetin share roughly equal Ky
values, because of the FRa-facilitated intracellular uptake
Targetin concentration in FRo over-expressing cancer cells
will be much higher than of noscapine uptake, which is not
targeted more specifically to cancer cells.

Effects of Targetin on the assembly of tubulin subunits

We have shown previously that noscapine binds tubulin
stoichiometrically and suppresses microtubule dynamics
with little effect on bulk microtubule polymer mass and
blocks cell cycle progression by the induction of mitotic
index [11, 12]. Tubulin assembly into microtubules is
typically measured by following changes in turbidity pro-
duced upon tubulin polymerization. This analysis revealed
that both noscapine and Targetin did not inhibit tubulin
polymerization at 25 uM concentration. However, a
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fourfold concentration of Targetin (100 pM) inhibited the
rate and extent of tubulin polymerization by ~17%
(Fig. 8). No evidence of aberrant twisted oligomeric sheets
or rings as evident in colchicine induced MT-depolymer-
ization [36] was obtained. Noscapine allows primarily the
assembly of normal microtubule lattice as described pre-
viously by electron microscopy studies [10].

Effects of Targetin on microtubule dynamic
instability in vivo

To determine if Targetin affects microtubule dynamics in
living cells, we followed life histories of microtubule plus
ends in Targetin-treated cells (transfected with GFP-tag-
ged-a-tubulin) by video microscopy. We have shown pre-
viously that in control cells (treated with the vehicle
solution DMSO alone), microtubules alternated between
phases of growth and shortening, and also spent a small
fraction of time in an attenuated state, neither growing nor
shortening to a detectable extent [37]. The mean growth
rate in the absence of Targetin was 9.15 pm/min, and
addition of 5 pM Targetin reduced the growth rate to
8.72 um/min. Even at a high concentration of 10 puM,
targetin reduced the mean growing rate by only 21.86%.
Similar to its effects on microtubule growth, Targetin also
affected, although modestly, the rate and extent of micro-
tubule shortening. For example, in the presence of 5 and
10 uM Targetin, the shortening rate was reduced by 2.16
and 17.61%, respectively (Fig. 9). In addition, Targetin
reduced the percentage of time microtubules spent in the

growing and shortening phase (Fig. 9). Microtubules, both
in vitro and in living cells, spend a considerable time in an
attenuated (pause) state at or near steady state [11]. Strik-
ingly, Targetin increased the percentage of time that the
microtubules spent in the attenuated state (Fig.9). For
example, in the presence of 10 uM Targetin, microtubules
spent 44.8% of time in the attenuated state, which is
increased by 106% when compared to that in the absence
of Targetin. The transition frequencies among the growing,
shortening, and attenuated states are considered to be
important in the regulation of microtubule dynamics [38,
39]. Targetin strongly decreased the catastrophe frequency
and increased the rescue frequency (Fig. 9). Dynamicity is
a parameter that reflects the overall dynamics of the
microtubules (the total detectable tubulin dimer addition
and loss at a microtubule end) [11]. As shown in Fig. 9,
Targetin (5 and 10 uM) suppressed microtubule dynamic-
ity by 13.62 and 58.4%, respectively. We conclude from
these data that Targetin treatment prevents the number of
dynamic events in the life history of a microtubule without
affecting its long-term existence.

Effect of Targetin on cancer cell growth

We evaluated the ability of Targetin to inhibit cellular pro-
liferation of a variety of cancer cell types using the sulfo-
rhodamine B assay (Fig. 10). Our results showed that lung
(A549), colon (HCT116), prostate (DU145), breast (T47D)
and ovarian (SKOV3 and 1A9) cancer cells were all more
sensitive to Targetin compared with noscapine (ICs, in the

1] 0
A : SRR
Dynamic parameters Targetin concentration (UM)

0 5 10
Rate (Lm/min)
Growing 9.15+2.72 8.72+1.32 7.15 +£0.56
Shortening 12.04 +2.81 11.78 +1.21 9.92+1.25
Percentage of total time
Growing 41.8 352 243
Shortening 36.3 28.5 20.1
Attenuation 21.8 325 44.8
Transition frequency (sec )
Catastrophe 0.086 +0.02 0.079 £ 0.07 0.072 £0.05
Rescue 0.077 £ 0.01 0.07 £0.012 0.059 +0.019
Dynamicity (um/min) 6.61 £2.36 4.52+1.21 2.75+1.05
Average pause (sec) 8.16 +2.42 10.25+1.25 14.52 £2.36

Fig. 9 Targetin treatment suppresses microtubule dynamics and
increases the average time cellular microtubules remain active (pause
duration). Although all of the microtubule dynamic instability show
clear quantitative inhibition, the most striking is the increase in the
duration of time that microtubule plus ends spend in an attenuated
state—and increase from 21.8 s at 0 uM to 44.8 at 10 uM. The

quantitative data tabulated here were collected from images such as
displayed at the top panel. The relatively fixed position of the plus
ends of several microtubules (arrows) over a 24 min time period
strikingly underscores the increased attenuation in the dynamics of
microtubules by Targetin
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Fig. 10 ICso (a drug concentration required to achieve a 50%
inhibition of cellular proliferation) of noscapine (black bars) and
Targetin (grey bars) for various cancer cell types. All the cancer cells
used in the assay: lung (A549), colon (HCT116), prostate (DU145),
breast (T47D) and ovarian (SKOV3 and 1A9) were more sensitive to
Targetin compared with noscapine (ICs, in the range of 0.3-30 uM).
Particularly striking are the results (ICsy 0.3 and 1.5 uM) in both of
the ovarian cancer cells (SKOV3 and 1A9) used. These ovarian
cancer cell types are known to overexpress folate receptor alpha
(FRo) on their surfaces

range of 0.3-30 uM). Of particular note here is that both of
the ovarian cancer types tested (SKOV3 and 1A9) were
significantly much more sensitive (ICsy 0.3 and 1.5 uM) to
Targetin. This is perhaps due to their well known overex-
pression profile of folate receptor alfa (FRa) [40].

Conclusions

Using in silico methodologies, we have been able to design
a folate-noscapine analogue, Targetin that retains the
activity of noscapine. It also well accommodated within the
binding cavity. The in silico results inspired us to chemi-
cally synthesize Tagetin, test its tubulin interactions, and
evaluate anti-cancer property. Targetin more specifically
targeted to aggressive cancer cells that over expressed
folate receptor. Taken together our study provides a proof-
of-concept for the rational design of specific tumour-tar-
geting drugs based upon the lead molecule noscapine.
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