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We have previously discovered the tubulin-binding anti-cancer properties of noscapine and its deriva-
tives (noscapinoids). Here, we present three lines of evidence that noscapinoids bind at or near the
well studied colchicine binding site of tubulin: (1) in silico molecular docking studies of Br-noscapine
and noscapine yield highest docking score with the well characterised colchicine-binding site from the
co-crystal structure; (2) the molecular mechanics-generalized Born/surface area (MM-GB/SA) scoring
results A AGping-caia for both noscapine and Br-noscapine (3.915 and 3.025 kcal/mol) are in reason-

ﬁiys ‘év:;ﬁe ably good agreement with our experimentally determined binding affinity (A AGpind-gxpe Of 3.570 and
Br-noscapine 2.988 kcal/mol, derived from K; values); and (3) Br-noscapine competes with colchicine binding to
Colchicine tubulin. The simplest interpretation of these collective data is that Br-noscapine binds tubulin at a site
Binding affinity overlapping with, or very close to colchicine-binding site of tubulin. Although we cannot rule out a formal
Docking possibility that Br-noscapine might bind to a site distinct and distant from the colchicine-binding site
MM-GB/SA that might negatively influence the colchicine binding to tubulin.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Chemotherapy remains the current modality of treatment for
metastatic cancers. Microtubule (MT) dynamics has proven to be
extremely useful target, in that along with DNA binding drugs MT-
interacting drugs are now included in the first-line therapeutic
modalities in many types of cancers. These include the haema-
tological cancers, metastatic ovarian cancers, breast cancer, and
lung cancer. The MT-targeting drugs currently approved fall in
two classes: ones that depolymerize microtubules (such as vinca
alkaloids), and the others that over polymerize MTs and bundle
them (such as taxanes and epothilone) [1-4]. Because some human
tissues also maintain frequent cell division, such as the erythropoi-
etic bone marrow, the inner lining of the intestine, the hair-stem
cells in hair follicles; these treatment strategies often lead to side
effects including neurocytopenia, diarrhea, nausea, and hair loss
[1]. Furthermore, even in post-mitotic neurons which require intact
MT-organization for the essential axonal transport, current clin-
ically infused intravenous MT-drugs such as vinca alkaloids and
taxanes cause therapy limiting neurotoxicities. Hence, new types

* Corresponding author. Tel.: +1 404 727 0445; fax: +1 404 727 6256.
E-mail addresses: pnaik2@emory.edu (P.K. Naik), joshi@cellbio.emory.edu
(H.C. Joshi).

1093-3263/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmgm.2011.03.004

of MT-targeting drugs are needed that can avoid these side-effects
of the existing MT-drugs.

In order to discover MT-interacting small orally available
molecules that do not cause major reorganization of cellular micro-
tubule arrays, we screened colchicine and podophyllotoxin like
compounds that led to the discovery of noscapine [5]. Noscapine
binds stoichiometrically to tubulin and alters tubulin conforma-
tion, suppresses the dynamics of microtubule assembly, blocks
cell cycle progression at mitosis, and then causes apoptotic cell
death in many cancer cell types [5-9]. Furthermore, we have
done extensive structure-activity relationship studies that led
us to generate a battery of analogs among which Br-noscapine
has shown potent activity against cancer cells without detectable
toxicities to normal tissues [8]. Br-noscapine bound to tubulin
with higher affinity (K;=54.9 +£9.1 wM) than the lead compound
noscapine (K;=1444+2.8 uM) [8]. Our extensive computational
modelling efforts presented here elucidate the noscapinoid binding
pocket of tubulin. The best way to understand the ligand binding
site is to obtain a co-crystal structure. However, the low resolu-
tion co-crystal structures of colchicine, podophyllotoxin, taxane,
and epothilone have been possible by the co-crystallization of
these drugs with tubulin/stathmin-like-domain complexes based
on low-energy electron crystallography studies [10-12]. Structural
similarities between Br-noscapine, colchicine and podophyllotoxin
allowed us to investigate if Br-noscapine competed with colchicine
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for tubulin binding. The molecular modelling calculations tally rea-
sonably well with the experimental data.

2. Materials and methods
2.1. Experimental methods

2.1.1. Extraction and purification of tubulin

Microtubule proteins were isolated from goat brain in the
presence of 1M glutamate and 10% v/v DMSO by two cycles of
polymerization and depolymerization as described previously [14].
From the extracted microtubule proteins, tubulin was then purified
using phosphocellulose chromatography [8,15]. Tubulin concen-
tration was determined by Bradford method [16] 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.

2.1.2. Competition binding of Br-noscapine and colchicine to
tubulin

Colchicine is nonfluorescent in aqueous medium, but fluo-
resces after binding to tubulin around 430nm [17]. This has
formed the basis for the reliable quantitative standard assay
for colchicine/tubulin interaction [13], which is routinely used
in determining the competitive interactions of other ligands
at the colchicine-binding site of tubulin [18]. Here we used
this assay to determine if Br-noscapine competitively inhibits
colchicine-tubulin interaction. In brief, Br-noscapine (25, 50 and
100 wM) was incubated with 6 wM tubulin in PEM buffer con-
sisted of 25 mM PIPES (pH 6.8), 1 mM EGTA and 3 mM MgSO,4 for
20 min at 25°C. Additionally, 100 wM noscapine was used in the
similar experimental conditions to compare its effect with that
of Br-noscapine. After 20 min of incubation 12 wM colchicine was
added to the reaction mixture and incubated for an additional
45 min at 37 °C. Fluorescence intensity of tubulin-colchicine com-
plex was then monitored in a JASCO FP-6500 spectrofluorometer
(JASCO, Tokyo, Japan) by exciting the samples at 350 nm and emis-
sion was recorded in the range 0of 400-470 nm. A 0.3 cm path-length
cuvette was used to minimize the inner filter effects caused by the
absorbance of these agents at higher concentrations. Fluorescence
intensities were corrected for inner filter effect using the for-
mula Feorrected = Eobserved % antilOg [(Aexcitation +Aemission )/2] Spectra
of different concentrations of Br-noscapine with 6 wM tubulin (con-
sidered as blanks) were also taken. Fluorescence intensity spectra
of tubulin-colchicine complex in the absence and presence of Br-
noscapine was plotted after subtracting the corresponding blanks.
Noscapine was purchased from Sigma-Aldrich. Br-noscapine was
synthesized in our lab [8].

2.2. Molecular modelling calculations

2.2.1. Preparation of protein

We have used the co-crystal structure of colchicine-tubulin
(PDB ID: 1SAO0; 3.58A resolution) [10] for the prepara-
tion of colchicine binding site. We retained a complex of
colchicine-tubulin complex consisting of only ‘A’ and ‘B’ chains.
All water molecules were removed form the complex. Hydrogen
atoms were added to the model using Maestro interface (version
8.5; Schrodinger LLC, New York) based on an explicit all atom
model. Final preparation of tubulin-colchicine complex was done
using the multi step Schrédinger’s protein preparation tool (PPrep)
followed by energy minimization using OPLS 2005 force field
with Polak-Ribiere Conjugate Gradient (PRCG) algorithm [19]. The
minimization was stopped either after 5000 steps of minimizations
or after the energy gradient converged below 0.001 kcal/mol.

2.2.2. Ligand preparation

Molecular structures of noscapine and Br-noscapine were
built using the builder feature in Maestro (Schrédinger package)
whereas molecular structure of colchicine was extracted from the
PDB ID: 1SAO0. Each structure was assigned an appropriate bond
order using Ligprep (version 2.3, Schrodinger Inc.). Ligprep util-
ity produces a number of structures from each input structure
with various ionization states, tautomers, stereochemistries, and
ring conformations. The program automatically generated all pos-
sible stereoisomers (default value of 32 was used) for each ligand.
Furthermore, a unique low-energy ring conformation for each
stereoisomer with correct chirality was generated with the help
of Ligprep. All structures were subsequently subjected to molec-
ular mechanics energy minimization using Impact (version 5.6,
Schrédinger Inc.) with default settings: maximum cycles 100, con-
jugate gradient minimizer, initial step size 0.05, maximum step
size 1.0, gradient criteria 0.01. Partial atomic charges were assigned
to the molecular structures using the 2005 implementation of the
OPLS-AA force field. To ensure that the geometry of the structure
is fairly reasonable, we performed complete geometric optimiza-
tion of these structures using Jaguar (version 7.7; Schrodinger Inc.).
We have used hybrid density functional theory with Becke’s three-
parameter exchange potential and the Lee-Yang-Parr correlation
functional (B3LYP)[20,21] and 3-21G* basis set [22-24] for geomet-
rical optimization. These geometrically optimized structures were
used for Glide (grid-based ligand docking with energetics) docking.

2.2.3. Molecular docking of colchicine, noscapine and
Br-noscapine to colchicine binding site

All docking calculations were performed using the “Extra Preci-
sion” (XP) mode of Glide docking [25,26] (version 4.5, Schrédinger
Inc.) with the 2005 implementation of the OPLS-AA force field. The
detailed algorithm of Glide docking has been described previously
[25,26]. Briefly, Glide approximates a systematic search of posi-
tions, orientations, and conformations of the ligand in the receptor
binding site using a series of hierarchical filters. The shape and
properties of the receptor are represented on a grid by several
different sets of fields that provide progressively more accurate
scoring of the ligand pose. The binding site is defined in terms of two
concentric cubes: the bounding box, which must contain the mass
center of any acceptable ligand pose, and the enclosing box, which
must contain all the atoms of a ligand pose for successful docking
into the binding site. Glide also performed conformational searches
for each input structure during docking process. A set of initial lig-
and conformations is generated through exhaustive search of the
torsional minima and the conformers are clustered in a combinato-
rial fashion. Each cluster, characterised by a common conformation
of the core and an exhaustive set of side-chain conformations, is
docked as a single object in the first stage. The search begins with a
rough positioning and scoring phase that significantly narrows the
search space and reduces the number of poses to be further consid-
ered to a few hundred. These selected poses are energy minimized
on precomputed OPLS-AA van der Waals and electrostatic grids
for the receptor. In the final stage, the 5-10 lowest-energy poses
obtained in this fashion are subjected to a Monte Carlo sampling in
which nearby torsional minima are examined, and the orientation
of peripheral groups of the ligand is refined. The minimized poses
are then rescored using the GlideScore function.

In this work the bounding box of size 10A x 10A x 10A was
defined in tubulin and centered on the mass center of the crys-
tallographic colchicine to confine the mass center of the docked
ligand. The larger enclosing box with an edge length of 10 A was also
defined (which occupied all the atoms of the docked poses) in terms
of the co-crystallized colchicine. 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. Five thousand poses per ligand
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were generated during the initial phase of the docking calculation,
out of which best 1000 poses per ligand were chosen for energy
minimization. Energy minimization protocol included dielectric
constant of 4.0 and 1000 steps of conjugate gradient minimiza-
tions. Upon completion of each docking calculation, 100 poses per
ligand were generated and the best docked structure was chosen
using a GlideScore (Gscore ) function. GlideScore is a more sophisti-
cated version of ChemScore [27] with force field-based components
and additional terms accounting for solvation and repulsive inter-
actions. The choice of the best pose is made using a model energy
score (Emodel) that combines the energy grid score, Gscore, and the
internal strain of the ligand. Glide docking is widely used by phar-
maceutical industries and academic institutes to study drug-target
interactions and to design new drug candidates with improved
activities because of its better accuracy [28-31]. The resulted
docked complexes of noscapine, Br-noscapine, and colchicine were
then subjected to further refinement using quantum mechanical-
polarized ligand docking protocol as explained below.

Furthermore, we have implemented the “blind docking”
approach to calculate the Gseore Of Nnoscapinoids with other pre-
dicted binding sites of tubulin. Different binding sites of tubulin
were predicted using SiteMap (version 2.4, Schrédinger Inc.) and
the receptor-grid files were generated (van der Waals scaling
0.4, grid box size of 10A x 10A x 10A each for the bounding and
enclosing box) at the centroid of each predicted binding site. Both
noscapine and Br-noscapine were then docked into each binding
site using Glide XP methods mentioned above.

2.2.4. Quantum mechanical-polarized ligand docking (QPLD)
protocol

QPLD protocol is animproved docking method that incorporates
quantum mechanical and molecular mechanical (QM/MM) calcula-
tions [32]. Briefly, this protocol applies three basic steps: (1) Glide
algorithm generates the best candidate poses for ligand docking; (2)
replaces the partial charges on ligand-atoms with charges derived
from QM calculations of ligand in the field of the receptor for each
ligand-receptor complex (the QM charges are calculated from the
electrostatic potential energy surface of the ligand that is gener-
ated from a single-point calculation using BLYP density function for
the QM region); (3) Glide then re-docks each ligand with updated
atomic charges and returns the most energetically favourable pose.
The grid file generated from the previous Glide standard docking
was used for QPLD refinement. The level of quantum-mechanical
treatment was set as Fast mode.

2.2.5. Post-scoring with MM-GB/SA

We have used noscapine, Br-noscapine and colchicine that have
been pre-positioned with tubulin from Glide docking to study the
association of these ligands with the receptor using the automated
mechanism of multi-ligand biomolecular association with energet-
ics (Embrace, Macromodel version 9.0; Schrédinger, LLC, New York).
The complexes were energy minimized to perform a conforma-
tional search for the ligands in the unbound state with Embrace,
specifying OPLS 2005 force field (by default), GB/SA continuum
solvation treatment, and electrostatic treatment (dielectric con-
stant of 1.0) [33-36]. Monte Carlo multiple minimum (MCMM)
method (Macromodel version 9.8; Schrodinger, LLC, New York)
was used for the conformational search of ligands. To ensure
that the stochastic search was exhaustive and approached conver-
gence, we employed the extended protocol for the torsion sampling
and energy minimization to a low gradient norm. We retained
all conformers within 5.0 kcal/mol from the lowest-energy con-
former. A Boltzmann distribution was assumed to calculate the
probabilities for each conformer (P;) and the Boltzmann-averaged
intra-molecular energy and solvation free energy in the unbound
state were obtained for every compound. Conformational entropies

(Sconf) Were computed from the probabilities using Eq. (1), where
kg is the Boltzmann constant.

n
Scont =~k » _Pi InP; (1)
i=1

To better account for the protein flexibility, the best pose for each
molecule was energy-minimized in the bound state using conju-
gate gradient minimization scheme applying PRCG algorithm with
a very tight convergence threshold. No constraints were applied
to all receptor atoms from complete residues within 5 A of the lig-
and during the energy minimization. A second shell of 3 A around
the first shell was defined, and constraints of 50 kcal/mol A2 were
applied to the residues within it. Because the large portion of pro-
tein structure beyond 8 A from the ligand does not significantly
influence either the structure of the minimized ligand or its vicin-
ity, the calculations were performed within the local 8 A regions as
previously reported [34-36]. The residues beyond the 8 A boundary
were restrained to lie close to the requested positions, but the mov-
ing atoms are allowed to interact with all other moving and fixed
atoms in the usual way. Among the fixed atoms, however, only
stretch interactions are considered. This method provides buffer
zones between fully moving and ignored regions reducing signif-
icantly the computational time. When modelling large systems,
such as the tubulin molecule, it is desirable to focus calculations
on important regions and ignore any large portions of the system
from which no significant influence is expected.

After accomplishment of energy minimization, the strain
imposed by each ligand to the protein (Eppy) conformation was
noted. We also calculated other energy parameters such as
intramolecular (AE;y,) and desolvation (AE,) penalty for the
ligands upon binding, the protein-ligand intermolecular van der
Waals (Eypw) and electrostatic (Eqjecr) interaction energies. The
binding energy (AGpinq) Was calculated including the conforma-
tional entropy penalty as follows.

AGbind = AEintra + AEsolv - TAsconf + Evpw + Eelect + Eprn (2)

where —TAS¢ is the ligand conformational entropy penalty,
which was multiplied by temperature to convert into free energy.
The relative binding energy (A AGpind-cald) for noscapine and Br-
noscapine was obtained by using colchicine as a reference by
following relation.

A AGpind-cald = AGpind-ligand — A Gpind-colchicine (3)

The experimental free energy of binding for both noscapine and
Br-noscapine was calculated from their respective dissociation con-
stant (Ky) values using the relation:

AGbind =RT ll’le (4)

where R is gaseous constant (0.001986 kcal/mol) and T is tempera-
ture (298 K).

The K, values of 144 +2.8 uM for noscapine and 54 +9.1 for
Br-noscapine, binding to tubulin were obtained from our ear-
lier published work [8,37] by measuring concentration dependent
tubulin-binding curves derived from escalating concentrations
of the compounds (until saturation) followed by Schatchard
plots. This method has previously been used by many inde-
pendent groups including Sherline et al. [38] to derive K; for
colchicine-tubulin interaction (0.35uM). The relative binding
energy (AAGping-gxpt) Of noscapine and Br-noscapine was then
calculated from the experimental K; values with reference to
colchicine using the relation:

colchicine,
ligandy,

AAGbind—Expt =—RT In < (5)
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Fig. 1. Inhibition of tubulin-colchicine fluorescence by Br-noscapine and comparison with noscapine. A, B, and C show the molecular structures of colchicine, noscapine
(Nos) and Br-noscapine (BNos), respectively. D, the percentage inhibition of fluorescence from colchicine-tubulin complex (it can be viewed as the inhibition of colchicine
binding to tubulin). The fluorescence emission of tubulin-colchicine complex is inhibited by Br-noscapine in a concentration dependent manner ranging from 25 uM to
100 wM (E). However, noscapine inhibited tubulin-colchicine fluorescence modestly even at concentration as high as 100 wM (>10%, D).

3. Results and discussion

3.1. Competitive interaction of Br-noscapine with colchicine
binding

Although colchicine is nonfluorescent by itself, it shows clear
novel fluorescent properties when bound to tubulin (excitation
at 350 nm and emission at 430 nm) [13,39,40]. The actual binding
reaction of colchicine is a slightly complex biphasic reaction. It first
binds to tubulin in a quick diffusion limited step into an extremely
low affinity site (phase I), and then it settles deep into a practically
inexchangeable site that is some times referred to as “irreversible”
site (phase II). For this reason, the competition of structurally
related ligands to colchicine-binding site is designed to inhibit the
binding of colchicine onto tubulin pre-incubated with the test-
ligands [18,39,41-43]. We initially performed such colchicine com-
petition experiment with Br-noscapine at three different concen-
trations beginning at high concentration of 100 wM. Our previous
efforts of noscapine at even up to 100 uM concentrations showed
little (merely 5%) inhibition of colchicine binding. We observed that

Br-noscapine at 100 wM concentration produced a robust compe-
tition of 66 & 5% reduction with colchicine-binding. This is perhaps
due to higher affinity of Br-noscapine to tubulin in comparison
to noscapine [8]. Encouraged by this, we carried out competition
binding of Br-noscapine with two additional lower concentrations:
25 M that produced a modest inhibition of colchicine binding
(23+£7%) and 50 uM that produced 40 +4% inhibition (Fig. 1D).
We cannot reliably measure less than 5% inhibition with any
meaningful statistical significance thus the lower concentrations
of noscapine were not further tested. The fluorescence emission
of tubulin-colchicine complex is inhibited by Br-noscapine in a
concentration dependent manner ranging from 25 uM to 100 uM
(Fig. 1E). The Br-noscapine data indicate that the interaction of Br-
noscapine with tubulin most likely inhibited binding of colchicine.

3.2. Computational determination of noscapinoid binding pocket
of tubulin

Early reports have revealed that noscapinoids bind to tubulin
and alter microtubule dynamics both in vitro and in vivo [3-9,37].
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Table 1

Docking results (Glide XP) of noscapine and Br-noscapine with respect to differ-
ent binding sites predicted by SiteMap (Schrédinger Inc.). Site 10 (correspond to
colchicine binding site) is having better Glide score for both noscapine and Br-
noscapine.

Site ID Site score Volume Glide XP score (kcal/mol)
Noscapine Br-noscapine

1 1.022 1483.8 -5.170 —5.466
2 1.106 220.9 —-4.084 —4.349
3 0.910 236.6 -4.794 -4.871
4 0.916 127.6 -0.751 -1.869
5 0.849 138.6 -2.113 —2.342
6 0.793 170.5 -2.150 —2.385
7 0.746 67.2 -1.957 -3.263
8 0.671 84.7 —2.296 -3.336
9 0.886 85.7 —1.042 —1.302

10 0.632 80.6 -5.521 —6.261

Table 2

The RMSD and docking score from the docking simulation of 6 lowest configurations
of co-crystal colchicine with tubulin (1SAO).

Configuration Glide score AGscore? RMSDP (A) 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

2 AGscore = Ei - Elowest~

b RMSD, RMSD between docked poses corresponding to each configuration.

¢ RMSD, RMSD between docked and co-crystal colchicine structure (only heavy
atoms from core rings are considered).

However, where do noscapinoids bind specifically to tubulin is still
not known. 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

i \j
. Colchicine

binding site

Fig. 2. Superimposition of docked configurations onto the crystal structure of
colchicine (red stick). The RMSD (heavy atoms from core rings)=0.19-1.06 A. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

affinity. In this approach we have used the different predicted bind-
ing sites (using SiteMap, Schrodinger Inc.) of tubulin for molecular
docking and evaluation of binding sites. Eventually it turned out
to be the colchicine binding site of tubulin that gave better dock-
ing 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 are minor differences in the molec-
ular interactions of noscapinoids that perhaps account for their net
effect on the microtubule assembly reaction that is different than
that of colchicine.

Fig. 3. Comparison of colchicine, noscapine, and Br-noscapine with the colchicine binding site of tubulin. (A) Showing the localization of docked configurations of these
ligands primarily in 3-tubulin near the a-tubulin/B3-tubulin interface. The amino acid residues involved in the interaction of Br-noscapine at the binding site is represented

in (B).
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Fig. 4. Results of Glide XP docking of colchicine, noscapine, and Br-noscapine into the colchicine binding site of tubulin. 2D representations of the binding site with amino
acid residues involved in the interaction of (A) colchicine and (B) Br-noscapine reveal identical sets of amino acids. (C) 3D representations of the binding site amino acids
within a 4 A distances from superimposed conformations of docked noscapine (blue) and Br-noscapine (green). The co-crystal structure of colchicine is represented in red
color. Some of the amino acids (Leu248, Cys241, Val318, Ala316 and Val238) are not shown for better clarity. The binding site amino acids are mostly from the B-chain
except Thr 179 (from A-chain). (D) Overlapped docking poses of colchicine, noscapine, and Br-noscapine obtained from Glide docking onto co-crystal of colchicine within the
colchicine binding site of tubulin. Tubulin is represented as Macromodel surface according to residue charge (electropositive charge, blue; neutral, yellow) as implemented

in Maestro.

3.3. Validation of the docking method by reproducing the
crystallized colchicine/tubulin structure

The original crystal structure of tubulin-colchicine complex
(PDB ID: 1SAQ) was used to validate the Glide-XP docking protocol.
This was done by moving the crystallized 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 vali-
date the result(Table 2). The root mean square deviation (RMSD) for
each configuration in comparison to the co-crystal colchicine was
0.19-1.06 A. Whereas the RMSD value calculated from the accepted
poses for each configuration was 0.35-0.82 A. This revealed that
the docked configurations have similar binding positions and ori-
entations within the binding site and are similar to the crystal
structure. The best docked structures, which are the configurations
with the lowest Gscore, Were compared with the crystal structure
as shown in Fig. 2. 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
structure of colchicine. After this validation, the docking proto-
col was extended to both noscapine and Br-noscapine that docked
reasonably well at the colchicine binding site (Fig. 3A and B).

3.4. Architecture of the noscapinoid binding site

The computationally determined noscapinoid binding pocket
of tubulin is considerably hydrophobic. The ligand plot gener-
ated from the tubulin-colchicine and tubulin-Br-noscapine docked
complexes revealed identical sets of amino acids, interacting
with both ligands (Fig. 4A and B). The binding modes and key
protein-ligand interactions are shown in Fig. 4C. The molecu-
lar superposition of bound conformation of colchicine, noscapine,
and Br-noscapine indicates that these compounds have more or
less identical binding mode with tubulin. Macromodel surface
representation of binding site according to residue charge (elec-
tropositive charge) is shown in Fig. 4D.
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(a) Overlapped Glide XP pose of
colchicine with crystal structure

74
(¢) Colchicine: Glide docking

(b) Overlapped QPLD pose of colchicine
with crystal structure

-0.20

(g) Noscapine: Glide docking

0.24

Fig. 5. Overlapped docking poses of colchicine obtained from (A) Glide docking (RMSD =0.760 A) and (B) QPLD (RMSD =0.595 A). In this figure the conformation of colchicine
in the co-crystal structure is represent in red color. Comparison between force field charges and quantum mechanical charges for colchicine, Br-noscapine and noscapine
from standard Glide docking and QPLD docking. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

3.5. QPLD refinement of the docking poses

Obtaining accurate structural information on the binding pose
of a ligand at a binding site is essential to the design of optimized
lead compounds in computer-aided drug discovery. An accurate
calculation of atomic partial charges of a ligand in the recep-
tor field would result in improved docking results. We tested
whether charges obtained from the QM/MM calculation for lig-
and/tubulin structure would provide a more precise binding pose

compared to the standard docking method that relies on the
default force-field charges. The results of QPLD docking runs for
colchicine, noscapine, and Br-noscapine are shown in Fig. 5. The
root mean square deviation (RMSD) value between crystal and
docking poses of colchicine was 0.760 A from the standard dock-
ing run (Fig. 5A), while the QPLD method returned a significantly
improved RMSD value of 0.595A (Fig. 5B). Atomic charge values
in parts of the ligand structure were also represented in the fig-
ures (Fig. 5C-H). These results indicate that polarization effects
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Table 3
Docking results (Glide XP) for colchicine, noscapine and Br-noscapine.

Compound Glide score (Gscore ) Glide energy Glide Emodel AGscore A AGpind-gxpt
Colchicine -9.884 -56.09 —88.34 0.0 0.0
Br-noscapine —6.261 -25.32 —25.56 3.623 2.988
Noscapine —5.521 -17.84 -18.99 4.363 3.570

All the energy parameters are expressed in kcal/mol. AGscore = Gscore-ligand — Gscore-colchicine aNd A AGpind-expr Was obtained by calculating relative binding energies using
colchicine, the molecule used as reference in competition binding assay. A AGpind-expe Values were calculated from the experimental Ky values (noscapine =144 wM; Br-
noscapine = 54 WM and colchicine =0.35 uM) using A AGping-gxpt = —RT ln(colchicineKd/ligande ).

Table 4

MM-GB/SA results for colchicine, noscapine and Br-noscapine.
Compound A AGpind-cald A AGpind-expt TAScont AEgoy AEintra Evpw Eelect Eprn
Colchicine 0.0 0.0 1.347 24.63 3.144 -28.39 14.16 —1298.8
Br-noscapine 3.025 2.988 1.435 -52.04 4.841 -17.05 83.30 -13014
Noscapine 3.915 3.570 1.428 —-26.01 6.551 -2333 64.57 -1303.3

All the energy parameters are expressed in kcal/mol. A AGying-caia and AAGping-expe Were obtained by calculating relative binding energies using colchicine, the molecule
used as reference in competition binding assay. A AGping-expr Values were calculated from the experimental K; values (noscapine =144 pM; Br-noscapine =54 uM and
colchicine =0.35 uM) using AAGping-gxpt = —RTln(colchicine,(d/ligand,(d ). Eprn is the protein energy, Eypw and Eepe¢ are the van der Waals and electrostatic interaction
energies, and ASconf, AEintra, and AEs,, are the conformational entropy, intramolecular, and desolvation penalties for each ligand upon binding (see Eq. (2)).

induced by the field of the receptor have improved the docking
predictions.

3.6. Glide docking and rescoring using MM-GB/SA of ligands

Molecular docking methods are widely used by academic
institutes and pharmaceutical industries to study drug-target
interactions in order to understand the basic electronic/steric
features required for therapeutic action and to design new
drug candidates with improved activities. These docking cal-
culations provide insight into interactions of ligands with
amino acids in the binding pocket of a target and to pre-
dict the corresponding binding affinities of ligands [44]. Table 3
presents Glide XP docking results of noscapine, Br-noscapine,
and colchicine. Their Glide score values range from —6.047 to
—9.884 kcal/mol. The relative docking score (AGscore) Of noscap-
ine and Br-noscapine with reference to colchicine is 3.837 and
3.623 kcal/mol, respectively (Table 3). These results demonstrate
strong binding of Br-noscapine to tubulin in comparison to
noscapine.

Although more computationally demanding, the MM-GB/SA
scoring generally yields far superior correlations with experimen-
tally determined activity than standard docking scoring functions
[45-48]. The docked complexes were rescored with MM-GB/SA
and the relative binding energy (A AGpind-caid) of noscapine and
Br-noscapine was calculated using colchicine as reference. Table 4
shows that the MM-GB/SA scoring yields a better correlation
with the experimental relative binding energy (A AGpjnd-gxpt) for
both noscapine and Br-noscapine. This is indeed due to the flex-
ibility of these molecules. The desolvation and intramolecular
strain penalties show greater variation and the deficiencies of the
docking functions are amplified. In comparison to colchicine, Br-
noscapine yielded poorer desolvation and intramolecular penalty
and hence strong interactions with tubulin; while noscap-
ine displayed weaker interactions with tubulin (Table 4). The
drop in calculated relative binding energy (AAGpind-cald) for
Br-noscapine revealed strong binding (3.025 kcal/mol) to tubu-
lin in comparison to noscapine (3.915 kcal/mol). The calculated
value of AAGpind-cad for both noscapine and Br-noscapine
(3.915 and 3.025kcal/mol) was in reasonable agreement with
the experimentally determined value (A AGping-gxpt is 3.570 and
2.988 kcal/mol).

4. Conclusion

In this manuscript we have presented three lines of evidence
that noscapinoids bind at or near the colchicine binding site of tubu-
lin: (1) Br-noscapine and noscapine yield highest docking score
with the well characterised colchicine-binding site; (2) MM-GB/SA
scoring results A AGpjind-caid for both noscapine and Br-noscapine
are in good agreement with experimentally determined binding
affinity; (3) Br-noscapine competes with colchicine binding to
tubulin. The most likely explanation of our collective data indicates
to a binding site of noscapinoids very close to or overlapping with
the colchicine binding site of tubulin.
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