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Abstract Noscapine and its derivatives are important
microtubule-interfering agents shown to have potent
anti-tumor activity. The binding free energies (AGy;,q) of
noscapinoids computed using linear interaction energy
(LIE) method with a surface generalized Born (SGB) con-
tinuum solvation model were in agreement with the
experimental AGy;,q With average root mean square error of
0.082 kcal/mol. This LIE-SGB model guided us in design-
ing a novel derivative of noscapine, amino-noscapine [(S)-3-
((R)-9-amino-4-methoxy-6-methyl-5,6,7,8-tetrahydro [1, 3]
dioxolo[4,5-glisoquinolin-5-y1)-6,7-dimethoxy isobenzo-
furan-1(3H)-one] that has higher tubulin binding activity
(predicted AGy;,q = —6.438 kcal/mol and experimental
AGhying = —6.628 kcal/mol) than noscapine, but does not
significantly change the total extent of the tubulin subunit/
polymer ratio. The modes of interaction of amino-noscapine
with the binding pocket of tubulin involved three hydrogen
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bonds and are distinct compared to noscapine which
involved only one hydrogen bond. Also the patterns of non-
bonded interactions are albeit different between both the
lignads. The ‘blind docking’ approach (docking of ligand
with different binding sites of a protein and their evalua-
tions) as well as the reasonable accuracy of calculating
AGy;ng using LIE-SGB model constitutes the first evidence
that this class of compounds binds to tubulin at a site
overlapping with colchicine-binding site or close to it. Our
results revealed that amino-noscapine has better anti-tumor
activity than noscapine.

Keywords Noscapine - Amino-noscapine - Free energy
of binding - Tubulin binding affinity - Anti-tumor activity

Introduction

In our pursuit of novel orally available tubulin-binding
anti-cancer agents, we discovered noscapine (1) as a
structural variant of colchicine like toxin [1]. This non-
narcotic opium alkaloid is used as a non-toxic anti-cough
agent that binds tubulin and unlike its congener colchicine,
it does not cause net depolymerization of microtubules but
merely suppresses the dynamic instability of microtubules.
Therefore, without changing the overall microtubule
organization, it blocks mitosis at prometaphase in both
healthy as well as in cancer cells. Cancer cells, however,
perhaps due to the compromised checkpoints, selectively
get committed to apoptosis even after removal of the drug.
A favourable pharmacokinetics of this compound in vivo
(clearance within ~10 h) [2, 3] and no significant side
effects [4, 5] thus allows it to be therapeutic albeit at high
concentrations (~ 150-300 mg/kg body weight) in murine
models of human cancer even in cells resistant to other
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anti-microtubule agents [1, 6-9]. The effectiveness of
noscapine was improved by many of our efforts to decrease
the dissociation constant (Ky) from 144 to 86 pM by nitro-
noscapine (2), 80 uM by F-noscapine (3), 54 uM by
Br-noscapine (4), 40 uM by Cl-noscapine (5), and 22 uM
by I-noscapine (6) [8, 9]. This leads to develop a reason-
able prediction model and guided us to rational design of
more effective derivative.

Theoretical calculations, in particular the molecular
docking method seems to be a proper tool for gaining such
understanding. The critical issues in docking include the
prediction of the correct binding pose and the accurate
estimation of the corresponding binding affinity. Despite
the enormous size of the conformational space for the
ligands, different docking methodologies, have all been
successful in reproducing the crystallographic binding
modes [10-12]. However, they still need improvement
when it comes to predicting binding affinities [13-15],
particularly the scoring function terms responsible for the
estimation of the ligand desolvation, intramolecular, and
conformational entropy penalties upon binding. Since the
docking algorithms provide good-quality binding poses, an
energy function with a more physically reasonable
description of binding contributions can be employed to
rescore the docking results. This inspired us to use
molecular mechanics in combination with implicit contin-
uum solvation based scoring functions such as linear
interaction energy method (LIE) with a surface generalized
Born (SGB) continuum solvation model in the rescoring
process [16]. The linear interaction energy approximation
is a way of combining molecular mechanics calculations
with experimental data to build a model scoring function
for the evaluation of ligand—protein binding free energy. It
has been applied on a number of protein-ligand systems
with promising results producing small errors on the order
of 1.0 kcal/mol for free energy prediction [16, 17]. Thus in
this study we have applied this approach to design more
potent noscapinoid. The predicted binding affinity has been
validated by experimental evaluation.

Materials and methods
Protein preparation

The X-ray crystallographic structure of the complex
between colchicine and tubulin protein (PDB ID: 1SAO,
resolution 3.58 A) [18] was used for molecular docking
and rescoring. After manual inspection and cleaning of
structure we retained a complex consisting of both the ‘A’
and ‘B’ chains of protein. Hydrogen were added to the
model automatically via the Maestro interface (version 8.5,
Schrodinger, LLC) leaving no lone pair and using an
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explicit all atom model. All the water molecules were
removed from the complex. The multi step Schrodinger’s
protein preparation tool (PPrep) was used for final prepa-
ration of protein. The complex obtained was energy min-
imized using OPLS 2005 force field with Polak-Ribiere
Conjugate Gradient (PRCG) algorithm [19]. The minimi-
zation was stopped either after 5,000 steps or after the
energy gradient converged below 0.001 kcal/mol.

Ligand preparation

Molecular structures of noscapinoids (compounds 1-6)
were built using molecular builder of Maestro (version
8.5). All these structures were energy minimized in vacuo
using Impact (version 5.6, Schrodinger, LLC). Each
structure was assigned an appropriate bond order using
Ligprep (version 2.4, Schrodinger LLC) and optimized
initially by means of the OPLS 2005 force field using
default setting. Complete geometrical optimization of these
structures was carried out using hybrid density functional
theory with Becke’s three-parameter exchange potential
and the Lee—Yang—Parr correlation functional (B3LYP)
[20, 21] using basis set 3-21G* level [22-24]. Jaguar
(version 7.7, Schrodinger, LLC) was used for the geo-
metrical optimization of the ligands.

Ligand docking

All ligands were docked into the tubulin receptor using
Glide (version 4.5, Schrédinger, LLC) [25, 26]. After
ensuring that protein and ligands are in correct form for
docking, the receptor-grid file was generated using grid
receptor generation program with van der Waals scaling of
04 A. A grid box size of 10 A each for the bounding and
enclosing boxes were generated at the centroid of the
predicted binding sites (using SiteMap, version 2.4,
Schrodinger, LLC) of tubulin. The ligands were docked
initially using the ‘standard precision’” method and further
refined using ‘‘extra precision’’ Glide algorithm. For the
ligand docking stage, van der Waals scaling of the ligand
was set at 0.4 A. Out of the 50,000 poses that were sam-
pled, 4,000 were taken through minimization (conjugate
gradients 1,000) and the 30 structures that had lowest
energy conformations were further evaluated for the
favourable Glide docking score. A single best conforma-
tion for each ligand was considered for further rescoring.

LIE-SGB calculations

The LIE method employs experimental data on binding
free energy values for a set of ligands (referred as training
set) to estimate the binding affinities for a set of novel
compounds. The method is based on the linear response
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approximation (LRA). It demonstrates that binding free
energy of a protein-ligand system is a function of polar and
non-polar energy components that scale linearly with the
electrostatic and van der Waals interactions between a
ligand and its environment. The free energy of binding
(FEB) for the complex is derived from considering only
two states: (1) free ligand in the solvent and (2) ligand
bound to the solvated protein. The conformational changes
and entropic effects pertaining to unbound receptor are
taken into account implicitly and only interactions between
the ligand and either the protein or solvent are computed
during molecular mechanics calculations. The SGB-LIE
method also offers better accuracy in treating the long-
range electrostatic interactions. The SGB-LIE method used
in this study is based on the original formulation proposed
by Jorgensen [16] and implemented in Liaison package
(version 5.6, Schrodinger, LLC) using the OPLS-2005
force field. A novel feature of Liaison is that the simulation
takes place in implicit (continuum) rather than explicit
solvent, hence the name Liaison, for Linear Interaction
Approximation in Implicit Solvation. The empirical rela-
tionship used by Liaison is shown below:

AGying = (x(<U\ljdw> - <U]\jdw>) + ﬁ(<Ufou1> - <Uzou1>>
+7((Upn) = (Uha)) +0((Uca) = (ULiy))
(1)

Here ()represent the ensemble average, b represents the
bound form of the ligand, f represents the free form of the
ligand, and o, f3, 7, and ¢ are the coefficients. U, 4y, Ucoul,
U, and U,,, are the van der Waals, coulombic, reaction
field and cavity energy terms in the SGB continuum sol-
vent model. The cavity energy term, U,,,, is proportional to
the exposed surface area of the ligand. Thus, the difference:
(Ub,) — (UL,,) measures the surface area lost by contact
with the receptor. The contribution for net free energy of
solvation comes from two energy terms, namely reaction
field energy (U, and cavity energy (U..,): Usgs =
Uixn + Ucay. The cavity and reaction field energy terms
implicitly take into account the van der Waals and the
electrostatic interactions, respectively, between the ligand
and solvent. The total electrostatic energy in the SGB-LIE
method is the sum of coulombic and reaction field energy
terms.

The docked complex corresponding to each analog was
transported to the Liaison package for subsequent LIE-
SGB calculations. Sampling technique such as hybrid
Monte Carlo (HMC) was used for LIE conformation space
sampling. A conjugate gradient minimization was per-
formed first, starting from the initial docked structures and
then a 15 ps molecular dynamics (MD) equilibration is
followed with temperature smoothly increasing from O to
310 K by velocity scaling and re-sampling. Finally, a 25 ps

MD simulation was run for the SGB-LIE data collections.
The non-bonded pair list was updated every 10 fs. The time
integration step of 1.0 fs and sampling of LIE energies in
every 10 steps was used. Similarly, the average LIE energies
for the ligand were obtained using OPLS-2005 force field.
The average LIE energy terms were used for building the
binding affinity model and free energy of binding estimation
for noscapine analogs. The o, f3, 7, and ¢ LIE fitting param-
eters were determined using Minitab statistical package
(version 15.0, Minitab Inc.) by fitting the experimental free
energy of binding data on the set of molecules used.

Experimental methods
Tubulin binding assay

Microtubule proteins were isolated from mammalian brain
in presence of 1 M glutamate and 10% v/v DMSO by two
cycles of polymerization and depolymerization as descri-
bed previously [27]. Tubulin was then purified using
phosphocellulose chromatography [27, 28]. Tubulin con-
centration was determined by the method of Bradford [29]
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.

Due to the presence of many tryptophan residues,
tubulin displays an intrinsic fluorescence characteristic
(excitation at 295 nm and emission at 332 nm). Like col-
chicine, noscapinoids change the dichroic spectrum of
tubulin molecule and quench the intensity of fluorescence
emission of tubulin in a concentration dependent and sat-
urable fashion [1]. This has allowed an easy method for
measuring the tubulin-noscapinoid interactions [7]. Nos-
capine and amino-noscapine (0-150 uM) were incubated
with 2 uM tubulin in 25 mM PIPES (pH 6.8), 3 mM
MgSO,, and 1 mM EGTA for 30 min at 25 °C. The fluo-
rescence intensities of tubulin in the absence and presence
of different concentrations of the compounds were moni-
tored in a JASCO FP-6500 spectrofluoremeter (JASCO,
Tokyo, Japan) by exciting the samples at 295 nm and
measuring the emission in the range of 310-380 nm. The
inner filter effects were corrected using a formula:
Fcorrected = Fobserved X antilog [(Aex + Aem)/z]v where Aex
and A.,, are the absorbances at the excitation and emission
wavelengths. The dissociation constant (Ky) was estimated
using the following equation: AF = AF . L/(Kq + L);
where, AF is change in the fluorescence intensity of the
tubulin upon binding to noscapine or amino-noscapine,
AF .« 18 the maximum change in the fluorescence intensity
of the protein when it is fully bound with noscapine or
amino-noscapine, and L is the concentration of the ligand.
AF was calculated by subtracting the fluorescence intensity
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of tubulin in the absence of noscapine or amino-noscapine
from the fluorescence intensity of tubulin in the presence of
different concentrations of noscapine or amino-noscapine.

Total microtubule polymer recovery assay

Tubulin polymerization can be followed by an increase in
the light scattering due to forming polymers at a given time
(which are ensured to be forming microtubules by electron
microscopy) and the total polymer can be examined to
ensure the predominant microtubular assemblies and sedi-
mented by ultracentrifugation. Tubulin (10 pM) was mixed
with different concentrations of amino-noscapine (0, 50,
100, 150 pM) in the assembly buffer (100 mM PIPES at
pH 6.8, 3 mM MgS0,4, | mM EGTA, 1 mM GTP, and 1 M
sodium glutamate). A reaction control with DMSO was
also set up. Polymerization was carried on by maintaining
the temperature at 37 °C in the water bath for 30 min.
After polymerization, the reaction mixture was centrifuged
at 1,20,000xg at 30 °C for 30 min. The soluble tubulin
content was measured by Bradford method [29]. Polymer
mass of tubulin was found out by deducting soluble tubulin
mass from the total tubulin content.

Results and discussion

Early reports have revealed that noscapinoids binds to
tubulin and alters microtubule dynamics both in vitro and in
vivo [1, 7]. However, where do noscapinoids bind specifi-
cally to tubulin is still not known. The best way to understand
the site of interaction of ligand-receptor is to obtain the
crystal structure and has not been successful so far. This is so
far only possible with pure tubulin for drugs that stabilize
microtubules [18, 30, 31]. Therefore we have used an
approach of “blind docking” to determine the probable site
of interactions of noscapinoids with tubulin which could
better correlate with the experimental binding affinity. In this
approach we have used the different predicted binding sites
(using SiteMap, Schrodinger Inc.) of tubulin for molecular
docking and evaluation of binding sites. Eventually it turns
out to be the colchicine binding site of tubulin that gave
better docking score for noscapinoids (Table 1)—indicating
a binding site for noscapinoids overlapping with colchicine
binding site [18] or a site very close to it. However, there
must be some differences in the molecular interactions of
noscapinoids that account for their net differences in the
microtubule assembly reaction than colchicine.

The accuracy of Glide-XP docking protocol used in this
study was assessed by reproducing the co-crystallized
structure of colchicine in the original crystal structure of
tubuline-colchicine complex (PDB ID: 1SAQ, resolution
3.58 A). This was done by moving the co-crystallized
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Table 1 Docking results (Glide XP) of noscapine and amino-nos-
capine with respect to different binding sites predicted by SiteMap
(Schrodinger Inc.)

Site ID Site score  Volume  Glide XP score (kcal/mol)
Noscapine ~ Amino-noscapine
1 1.022 1483.8 —5.170 —5.766
2 1.106 220.9 —4.084 —4.749
3 0.910 236.6 —4.794 —4.971
4 0.916 127.6 —0.751 —3.869
5 0.849 138.6 —2.113 —1.742
6 0.793 170.5 —2.150 —2.385
7 0.746 67.2 —1.957 —4.263
8 0.671 84.7 —2.296 —1.336
9 0.886 85.7 —1.042 —1.302
10 0.632 80.6 —5.521 —6.461

Site 10 (correspond to colchicine binding site) is having better Glide
score for both the compounds

Table 2 The RMSD and docking score from the docking simulation
of 6 lowest configurations of co-crystal colchicine onto tubulin
(1SA0)

Configuration  Glide score  AGcore” RMSDP (/D\) RMSD¢ (A)
1 —9.88 0 0.35 0.19
2 —8.94 0.94 0.45 0.24
3 —8.46 1.42 0.68 0.59
4 —8.23 1.65 0.33 0.76
5 —8.05 1.83 0.14 0.92
6 —7.64 2.24 0.82 1.06

! AGsccre = Ei — Eiowest
® RMSD, RMSD between docked poses corresponding to each
configuration

¢ RMSD between docked and crystallographic colchicine structure
(only heavy atoms from core rings were considered)

colchicine ligand outside of active site and then docking it
back into the active site. The top 6 configurations after
docking were taken into consideration to validate the result
(Table 2). The root mean square deviation (RMSD) was
calculated for each configuration in comparison to the co-
crystallized colchicine and the value was found to be in
between 0.19 and 1.06 A. Whereas the RMSD value cal-
culated out of the accepted poses for each configuration
was found in between 0.35 and 0.82 A. This revealed that
the docked configurations have similar binding positions
and orientations within the binding site and are similar to
the crystal structure. The best docked structures, which are
the configuration with the lowest Glide score, were com-
pared with the crystal structure as shown in Fig. 1. These
docking results illustrate that the best-docked colchicine
complex agrees well with its crystal structure, and Glide
(XP)-docking protocol successfully reproduces the crystal
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Fig. 1 Superimposition of docked configurations onto the crystal
structure of colchicinoe (red stick). The RMSD (heavy atoms from core
rings) = 0.19-1.06 A

tubulin-colchicine complex. After this validation, the
docking protocol was extended to both noscapine and
amino-noscapine that docked at the interface of alpha and
beta tubulin and well fitting the colchicine binding site
(Fig. 2a—c). Consequently, the Glide docking method is a
highly reliable means of reproducing the experimentally

Fig. 2 Typical snapshot of

a amino-noscapine (green stick)
and noscapine (blue stick)
bound to tubulin at colchicine
binding site from a hybrid
Monte Carlo simulation. b The
enlarge view of the colchicine
binding site with the bound
ligands. ¢ The bound amino-
noscapine and noscapine are
well-accommodated in the
binding site. In the figure the
co-crystalized conformation

of colchicine is represented

as red sticks

observed binding mode of noscapine and amino-noscapine
to the colchicine site, since the co-crystallized structures
are not yet available.

The binding mode of noscapine and amino-noscapine
was visualized using MOE (Molecular Operating Envi-
ronment) package (version 2008.10, Chemical Computing
Group’s) and was represented in two steps: (a) receptor
residues that have strong interactions with the ligand, such
as a favorable hydrogen-bonding interactions, and
(b) receptor residues that are close to the ligand, but whose
interactions with the ligand are weak or diffuse, such as
hydrophobic or electrostatic interactions. The strength of
hydrogen bonds (interaction score) are expressed as per-
centage probability from the ideal value by pairwise
comparison of heavy atoms based on a scoring function
that includes three parameters such as: atom types (ele-
ment, hybridization, bonding environment), distance, and
in-plane and out-of-plane angles of substituents [32, 33].
For example, the score with 10% would be considered a
significant likelihood of being a strong hydrogen bond,
whereas 1% would be considered relatively weak and 0%
in the case of nonbonded residues. The mode of interac-
tions of amino-noscapine with the residues of tubulin was
distinct in comparison to noscapine (Fig. 3a, b). Three
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hydrogen bonds are involved in the interaction of amino-
noscapine—the amino group is hydrogen bonds with the
carbonyl oxygen of Val-B236 (bond length 2.0 A, inter-
action score 38%) and both the oxygen atoms (06 and O7)
of dimethoxy group of isobenzofuranone ring are hydrogen
bond with the side chain amide nitrogen N° of Lys-B345
(bond length 3.0 A, interaction score 54% and 3.5 A,
interaction score 12%) (Fig. 3a). In contrast, only one
hydrogen bond between the oxygen atom (O7) of methoxy
group of isobenzofuranone ring and the side chain amide
nitrogen N°Z of Asn-B256 (bond length 2.9 A, interaction
score 25%) is involved in the interaction of noscapine with
the binding pocket of tubulin (Fig. 3b). Further, the pat-
terns of non-bonded interactions between amino-noscapine
with the residues of tubulin are albeit different compared to
noscapine (Table 3). The distinct mode of interactions
(both hydrogen bonds and non-bonded interactions) with
the binding pocket of tubulin revealed a better binding
affinity of amino-noscapine in comparison to noscapine.
Furthermore, the interaction of colchicine with the residues
of tubulin involved two hydrogen bonds: the side chain

colchicine (gold) at the colchicine binding site of tubulin is
shown in Fig. 3d. It reveals that colchicine interactions
are highly biased towards f-tubulin whereas both amino-
noscapine and noscapine protrude to partially interact with
o-tubulin (purple carbons) as well, indicating a binding site
of noscapinoid overlapping with colchicine-binding site or
close to it.

We have applied the LIE-SGB method to a data set
consisting of six noscapinoids (compound number: 1-6) to
build a binding affinity model applying LIE-SGB model.
The energy values in Table 4 were used to fit LIE-SGB
empirical equation and developed a prediction model for
calculating free energy of binding (AGy;,q). The calculated
AGy;nq represents the experimental AGy,;,q well. This LIE—
SGB method aided the conception of amino-noscapine that
had a marked drop in the free energy of binding to tubulin
(—6.438 kcal/mol). This guided us to synthesize amino-
noscapine derivative (7) and to further validate using
experimental studies. The greater potency for amino-nos-
capine stems from better interaction with tubulin binding
site as described above.

atom S’ of Cys-B241 hydrogen bond with the O2 and O3
atoms of colchicine (bond length 2.9 A, interaction score
34% and 3.3 A, interaction score 27%) (Fig. 3c). The
amino acids that are uniquely involved in the interaction of
colochicine are Gly-B235, Leu-B246, Asn-B247, and Thr-
B362. The amino acids that are common between the
noscapinoids and colchicine interactions are Val-B236,
Cys-B239, Ala-B248, Lys-B252, Leu-B253, Ala-B309,
Val-B311, and Ile-B364 (Fig. 3c). The overlapped docking
poses of amino-noscapine (green), noscapine (blue), and
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Synthesis of amino-noscapine

The synthetic approach of amino-noscapine from the lead
compound, noscapine, is shown in Scheme 1. Briefly, nos-
capine was first converted into Br-noscapine by adding bro-
mine water to a noscapine solution (in 48% hydrobromic acid)
and then pH was adjusted to 10.0 with ammonia. Br-noscapine
was then converted to azido-noscapine by refluxing in DMF
with sodium azide and sodium iodide for 15 h. Reduction of
azido derivative with tin(Il) chloride in the presence of
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(A)
Thr A 170
Ser A 169
Lys B 345
Amino-noscapine
()

Fig. 3 Three-dimensional representation of the mode of interactions
observed between: a tubulin and amino-noscapine, b tubulin and
noscapine, ¢ tubulin and colchicine, and d overlapped docking poses.
The amino acids (within 4.5 A distances from the docked ligand were
only shown in the figures. a shows that amino-noscapine distinctly
interacts with the residues of tubulin in comparison to noscapine and
involved 3 hydrogen bonds (dashed lines): the amino group hydrogen
bonds with the carbonyl oxygen of Val B 236 (bond length 2.0 A,
interaction score 38%) and both the oxygen atoms (O6 and O7) of
dimethoxy groups of isobenzofuranone ring hydrogen bond with the
side chain amide nitrogen (NE) of Lys B 345 (bond length 3.0 A,
interaction score 54% and 3.5 A, interaction score 12%). b shows the
interaction of noscapine with the residues of tubulin that involve only
one hydrogen bond (dashed line) between the oxygen atom (O7) of
methoxy group of isobenzofuranone ring and the side chain amide
nitrogen (N‘)z) of Asn B 256 (bond length 2.9 A, interaction score
25%). The patterns of non-bonded interactions between amino-
noscapine and noscapine with the residues of tubulin are albeit
different (Table 3). ¢ shows the interaction of colchicine with the
residues of tubulin that involved two hydrogen bonds (dashed lines):

thiophenol and triethylamine in THF for 2 hat25 °C gave the
desired compound, amino-noscapine (7) with 83% yield. The
biological evaluation based on tubulin binding assay, total

(B) Val A 172
Asn B 343

Ala A 171

\ 9‘__‘.-_’--"5: \Lis stz

2.
5%~ {leuB253

ILe B 364
-

4

Thr A 170

3

Ser A 169

LysB 345 O

Cys B 239

g fi
Noscapine ﬂ*.", |
o N valB 236

Val B 311 |
al E&

= LysB252

=

(9
vatazifl_ e A g LysB345
Gu.razif' 'Vala?j?:- ”_egm
Thraasz)"

the side chain atom S” of Cys B 241 establishes a hydrogen bond with
the O2 and O3 atom of colchicine (bond length 2.9 A, interaction
score 34% and 3.3 /DX, interaction score 27%). The amino acids that
are uniquely involved in colchicine interactions have their carbon
atoms colored in yellow (Gly B 235, Leu B 246, Asn B 247, Thr B
362). The other amino acids are common to the noscapinoid binding
pocket. d shows the overlapped docking poses of amino-noscapine
(green), noscapine (blue), and colchicine (gold) at the colchicine
binding site of tubulin. Colchicine interactions are highly biased
towards f-tubulin whereas both amino-noscapine and noscapine
protrude to partially interact with a-tubulin (purple carbons) as well.
Since the binding mode of colchicine is distinct and involves a set of
unique amino acids in comparison to noscapine and amino-noscapine,
the orientation of the binding site residues are adjusted to improve the
clarity of representation of the hydrogen bonds as well as the partially
overlapping of the binding poses between all three ligands in both the
figures ¢ and d. Two amino acids (Ala B 248, Ala B 309) that overlaid
above the ligands have been removed to improve the clarity of
representation. The geometry of hydrogen and non-bonded interac-
tions are described in Table 3

microtubule polymer recovery assay, and molecular modeling
study elucidated the binding affinity, mechanism and mode of
interaction of amino-noscapine to tubulin.
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Table 3 Geometry of hydrogen

Hydrogen bonding Non-bonded interaction
bonds and non-bonded Hydrogen donor Hydrogen acceptor Distance Tubulin Ligand Distance (A)
interactions between residues of groups (HD) groups (A) (A) (H-A)

(a) Interactions between tubulin and amino-noscapine

tubulin with: (a) amino-

1 1 NI' VALB 236 O 1.95 ILE B 364 CDI cy' 3.62
noscapine, (b) noscapine, and LYS B 345 NZ o0 o0 LYS B 345 CB P o
icl 1 LYSB 345 CD c9 3.55
(c.) colchicine as represented in LYS B 345 NZ 02 354 LYSB S CD @ 35
Fig. 3 ASNB 343 C c8 3.39
VAL B 311 CGl1 (3 3.59
VALB 311 CB CcT 3.82
ALAB 309 CB Cc4 3.28
ALAB 309 CB Cs 3.50
ALAB 309 CA c4 3.84
ALAB 309 CA Cs 3.63
ASNB 256 CG Cl 3.62
ASNB 256 CG c7 3.68
LEUB 253 CD2 c4 3.83
LEUB 253 CD2 Cc4 3.67
LEUB 253 CB cir 335
LEUB 253 CA cir 3.44
LYSB 252 CB cir 3.34
LYSB 252 C Ccir 3.62
ALAB 248 CB cir 3.77
ALAB 248 CB c4 375
CYSB 239 SG c2 3.85
VAL A 172 CG2 Cc8 3.70
i VAL A 172 CG2 Cc6 3.73
o1 ALAA 171 CA 9 372
(Backbone atoms are numbered according to [IUPAC) ~ THRA170 C <9 321
[(S)-3-((R)-9-amino-4-methoxy-6-methyl-5,6,7,8- SER A 169 C c8 435
tetrahydro  [1,3] dioxolo[4,5-glisoquinolin-5-y1)-6,7-
dimethoxy isobenzo-furan-1(3H)-one]
(b) Interactions between tubulin and noscapine
ASN B 256 ND2 03 293 ILE B364 CDI c9' 3.10
LYS B 345 CD 9 3.82
ASN B 343 C Cc8 4.09
VAL B 311 CGI c8' 3.36
VAL B 311 CG2 C10 3.52
VAL B 311 CGl C10' 3.81
VAL B 311 CB C10' 3.28
VAL B 311 CB cs' 3.89
ALA B 309 CB cg 3.62
ALA B 309 CB cTr 3.54
ALA B 309 C cg 3.47
ALA B 309 C cT 3.24
ALA B 309 CA CcT 347
ASN B 256 CG cr 3.88
LEU B 253 CD2 c4' 3.86
LYS B 252 CE 9 3.84
LYS B 252 CD 9 3.09
LYS B 252 CG 9 351
LYS B 252 CB 9 3.48
ALA B 248 CA C1r’ 3.12
CYC B 239 SG c2' 3.79
o1 VAL A 172 CG2 C6 422
i ALA A 171 CA (e 4.38
(Backbone atoms are numbered according to IUPAC) THR A 170 © cs 106

[(S)-3-((R)-4-methoxy-6-methyl-5,6,7,8-tetrahydro [1,3]
dioxolo[4.5-glisoquinolin-5-y1)-6.7-dimethoxy SRS A o fels
isobenzo-furan-1(3H)-one]

(c) Interaction between tubulin and colchicine

CYS B 241 SG 03 331 ILE B 364 CDI Cl15 2.77
CYS B 241 SG 02 2.90 ILE B 364 CGl C15 3.77
VALB 311 CGI C15 3.25

VAL B 311 CGl1 c3 3.84

VAL B 311 CGlI C4 295

VALB 311 CB C4 3.70

ALAB 309 CB Cl16 3.84

LEUB 253 CD2 Ci13 3.65

LEUB 253 CD2 C1 3.40

LEUB 253 CB C4 3.76

LEUB 253 CA c7 3.89

LEUB 253 CA C5 3.64

LYSB 252 CB C5 3.81

LYSB 252 C Cs5 3.71

ALAB 248 CB Cl11 3.22

ALAB 248 CB C12 287

ALAB 248 CB C13 343

ALAB 248 CB C1 3.881

ALAB 248 CA Cl11 2.80

ALAB 248 CA C12 3.19

CYSB 239 SG Cl1 3.38

CYSB 239 SG C2 3.09

CYSB 239 CB Cl1 3.72

CYSB 239 CB 2 3.83

VAL B 236 CGl Cl4 2.96

(Backbone atoms are numbered according to IUPAC) xi{“ g gg gB g}i Zg%
N-[(7$)-1,2,3,10-tetramethoxy-9-0x0-5,6,7,9- VALB 236 CA Cls 3.40
tetrahydrobenzo[a]heptalen-7-yl]acetamide VAL B Z?b CA Cl4 355
THR B 362 CG2 Cl15 3.43

ASNB 247 CG C18 271

ASNB 247 CB C18 327

ASNB 247 C C18 2.71

ASNB 247 C C10 3.61

ASNB 247 C Cl11 3.19

ASNB 247 CA Ci18 2.89

LEUB 246 CDI c7 3.20

LEUB 246 CDI1 Cs5 275

LEUB 246 CG Cs5 3.75

LEUB 246 CB 9 3.53

LEUB 246 CB C12 3.72

LEUB 246 C Ci18 229

LEUB 246 C (&) 3.52

LEUB 246 C Cl10 3.26

LEUB 246 C C11 3.53

LEUB 246 CA C18 3.64

LEUB 246 CA 9 3.84
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Table 4 Average van der Waals (vdw), coulumbic (coul), reaction field (rexn), and cavity (cav) energy terms as well as binding affinity (AGping)

calculated based on LIE-SGB model of noscapine analogues

Ligand <Uyqw> <Ucour™> <Upxn> <Ucav> Predicted AGp;ng Experimental
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) AGying
(kcal/mol)

1 —56.716 —129.510 55.227 0.679 —5.275 —5.246

2 —57.146 —49.384 56.524 1.424 —5.588 —5.551

3 —58.495 —143.070 58.490 0.637 —5.492 —5.587

4 —45.659 —113.880 59.749 1.651 —5.705 —5.827

5 —53.318 —161.240 62.265 1.536 —6.177 —6.006

6 —56.708 —173.560 50.602 2.150 —6.321 —6.360

7 —55.032 —47.025 52.602 2.930 —6.438 ?

<Uyaw>s <Ucou™ <Un> 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 AGyi,g Was calculated from the dissociation constant (K4 value) using the
relationship: AGping = RT In Kg where T = 298 K and R = 0.00199 (kcal/mol.K). Predicted AGy;,q was calculated using SGB-LIE method:
AGping = 0.0364(Uyaw) + 0.0037(Ucour) — 0.0405(Usxn) — 0.727(Ucay). The question mark for the compound 7 indicates that the experimental
binding affinity is not known but we have synthesized the compound and determined the experimental binding affinity

Scheme 1 Synthesis of amino- P
noscapine and its o C <
characterization HCO Hy
RO,
HCcO OCH,
HBr/Br,H,O
250C /1h

NaN/Nal
DMF/80°C/15h

SNnCl,/PhSH/ELN
THF/25°C/2h

Characterization of amino-noscapine

(5)-3-((R)-9-amino-4-methoxy-6-methyl-5,6,7,8-tetrahydro-
[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-6,7-
dimethoxyisobenzofuran-1(3H)-one : Yield, 83%; mp (HCI. Salt)
112.2-112.6 °C; IR: 1725, 1362 cm™; "H NMR (CDCls, 400 MHz):
87.12 (d, 1H, J =7.4.0 Hz), 7.02 (d, 1H, J = 7.4 Hz), 6.02 (s, 2H),
5.92 (d, 1H, J = 4.0 Hz), 4.42 (d, 1H, J = 4.0 Hz), 4.20 (bs, 2H),
4.02 (s, 3H), 3.85 (s, 3H), 3.80 (s, 3H), 2.74-2.64 (m, 2H), 2.61-
2.56 (m, 2H), 2.52 (s, 3H); '"H NMR (CDCl; + D,0, 400 MHz): &
7.12 (d, 1H, J = 7.4.0 Hz), 7.02 (d, 1H, J = 7.4 Hz), 6.02 (s, 2H),
592 (d, 1H, J = 4.0 Hz), 442 (d, 1H, J = 4.0 Hz), 5.12 (bs,
confirms NH, group), 4.02 (s, 3H), 3.85 (s, 3H), 3.80 (s, 3H), 2.74-
2.64 (m, 2H), 2.61-2.56 (m, 2H), 2.52 (s, 3H); °C NMR (CDCl,,
100 MHz): & 169.5, 156.8, 152.6, 147.8, 142.7, 141.8, 135.0,
134.2, 123.2, 120.8, 119.9, 119.4, 114.1, 100.8, 87.6, 63.7, 56.8,
56.4, 56.1, 51.4, 39.2, 27.5; HRMS (ESI): m/z Calcd. for
CpHuN,O7;  (M+1), 428.3481; Experimentally —determined,
428.1562 (M+1).

HPLC Purity and Peak Attributions:

The HPLC purity was determined following two different methods
using different solvent systems.

Method 1: Ultimate Plus, LC Packings, Dionex, C;g column (pep
Map 100, 3 um, 100 A particle size, ID: 1000 um, length: 15 cm)
with solvent systems A (0.1% formic acid in water) and B
(acetonitrile), gradient, 25 min run at a flow of 40 uL/min.
Retention time for amino-noscapine was 18.30 min. HPLC purity
was 95%.

Method 2: Ultimate Plus, LC Packings, Dionex, C,g column (pep
Map 100, 3 um, 100 A particle size, ID: 1000 um, length: 15 cm)
with solvent systems A (0.1% formic acid in water) and B
(methanol), gradient, 25 min run at a flow of 40 uL/min. Retention
time for amino-noscapine was 18.96 min. HPLC purity was 94%.

Tubulin binding activity of amino-noscapine

We found that noscapine and amino-noscapine both reduced
the intrinsic fluorescence of tubulin in a concentration-
dependent manner (Fig. 4a, b). The double reciprocal plots
yielded a dissociation constant (K4q) of 152 & 1 uM for

noscapine binding to tubulin (Fig. 4c). Amino-noscapine
was found to bind to tubulin with a K4 of 14 £ 1 uM
(Fig. 4d) suggesting that amino-noscapine has a signifi-
cantly higher binding affinity (AGp;g = —6.628 kcal/mol)
for tubulin than that of noscapine (AGp;ng = —5.246 kcal/
mol). Experimental AGy;,q was calculated from the K4 value

@ Springer



452

J Comput Aided Mol Des (2011) 25:443-454

60 1 —e— 150 yM —o— 20 uM
——80uM —+— 5uM

0

4 —— 60pM —— 0uM

20 —s— 40 uM
0 . . .
320 330 340 350 360

Wavelength (nm)
(A)
300

—=— 60 uM S

501 —*— 150uM —o— 40 M —— 10 uM

—o— 120 yM —e— 30 yM —— 5uM

—— 100 yM —— 20 yM —¢— O uM
320 340 360

Wavelength (nm)

Fluorescence intensity (a.u.)

380

B)

0 20 40 60 80 100 120 140 160
Noscapine (uM)

(D)
60

50 o ©

0 20 40 60 80 100 120 140 160
9-amino-noscapine (uM)

Fig. 4 The tubulin fluorescence emission intensity is quenched by noscapine (a) and amino-noscapine (b) in a concentration-dependent manner.
The change in fluorescence intensity is plotted as a function of concentrations of noscapine (¢) and amino-noscapine (d)

using the relationship: AGpjng = RTIn Kqgwhere T = 298 K
and R = 0.00199 (kcal/mol.K). In fact, this experimentally
determined value of AGy;nq (—6.628 kcal/mol) turned out to
be even slightly lower than the predicted value of AGy;ng
(—6.438 kcal/mol) for amino-noscapine suggesting that the
LIE-SGB method is reasonably accurate in rational design
of potent noscapinoid.

Total microtubule polymer recovery assay

We found that amino-noscapine has negligible effect on the
total amount of tubulin in the form of polymeric microtu-
bules in vitro. Even at a concentration as high as 100 uM
of amino-noscapine, it did not cause microtubule depoly-
merization, in fact, it appeared to increase the total polymer
level, albeit marginally (6.3 £ 3.8%). No evidence of
abnormal twisted sheet or ring morphologies observed in
colchicine induced MT-depolymerization [34] was
obtained. Noscapine primarily allows the assembly of
proper microtubule lattice as previously observed by

@ Springer

electron microscopy studies [1]. Also, noscapinoids gen-
erally cause no affect on the microtubule spindle mor-
phology of mitotically arrested cells [1, 6, 8, 9, 35-37].

Anti-tumor activity

Although the lead compound noscapine bound tubulin with
a modest affinity (K4 = 144 uM) it had tested positive as
an anti-cancer agent when tested against a panel of 60
human cancer cell lines by the National Cancer Institute
(NCI), through its Developmental Therapeutics Program
(DTP). Our rational design efforts were inspired by
increasing the anti-cancer activity of the lead noscapine.
Briefly, cells in the panel were treated with noscapine and
amino-noscapine at increasing gradient concentrations for
48 h. The ICs, values that represent the drug concentra-
tions needed to prevent cell proliferation by 50% was then
measured using Sulforhodamine B assay. Figure 5 shows a
bar-graph representation depicting a comparison of the
IC5 values of both noscapine and amino-noscapine for the
NCI 60 cell lines panel.
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Fig. 5 Amino-noscapine is much more active than noscapine in
inhibiting the proliferation of various human cancer cells. The panel
of 60 human tumor cell lines is organized into subpanels representing
leukemia, non-small lung cancer, colon, CNS, melanoma, renal,

Conclusion

In summary, the correlation of the predicted and experi-
mental activity turned out well with amino-noscapine as the
most potent tubulin binding noscapinoid among the entire
series we have published since our initial discovery of nos-
capine as a tubulin-binding anti-cancer agent. The present
study clearly demonstrates the utility of LIE-SGB calcula-
tions for guiding this effort in the context of structure-based
drug design and for providing insights into the origins of
variations in activity. The current application led to the novel
and most potent tubulin binding noscapinoid with increasing

ovarian, breast and prostrate cancer lines. Panels showed bar-graphs
depicting the comparison of ICsq values of noscapine (black bars) and
amino-noscapine (grey bars) for cancer cell lines of various tissue
origins

anti-tumor activity in comparison to the initial lead com-
pound, noscapine. Thus, amino-noscapine indicates a great
potential for further preclinical and clinical evaluation.
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