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Abstract We have identified a new class of microtubule-
binding compounds—noscapinoids—that alter microtu-
bule dynamics at stoichiometric concentrations without
affecting tubulin polymer mass. Noscapinoids show great
promise as chemotherapeutic agents for the treatment of
human cancers. To investigate the structural determinants
of noscapinoids responsible for anti-cancer activity, we
tested 36 structurally diverse noscapinoids in human
acute lymphoblastic leukemia cells (CEM). The IC50

values of these noscapinoids vary from 1.2 to 56.0 μM.
Pharmacophore models of anti-cancer activity were gen-
erated that identify two hydrogen bond acceptors, two
aromatic rings, two hydrophobic groups, and one posi-
tively charged group as essential structural features.
Additionally, an atom-based quantitative structure–activity
relationship (QSAR) model was developed that gave a
statistically satisfying result (R2=0.912, Q2=0.908, Pear-
son R=0.951) and effectively predicts the anti-cancer
activity of training and test set compounds. The pharma-
cophore model presented here is well supported by

electronic property analysis using density functional
theory at B3LYP/3-21*G level. Molecular electrostatic
potential, particularly localization of negative potential
near oxygen atoms of the dimethoxy isobenzofuranone ring
of active compounds, matched the hydrogen bond acceptor
feature of the generated pharmacophore. Our results further
reveal that all active compounds have smaller lowest
unoccupied molecular orbital (LUMO) energies concentrat-
ed over the dimethoxy isobenzofuranone ring, azido group,
and nitro group, which is indicative of the electron acceptor
capacity of the compounds. Results obtained from this
study will be useful in the efficient design and development
of more active noscapinoids.
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Introduction

Phthalideisoquinoline [(S)-3-((R)-4-methoxy-6-methyl-
5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-
6,7-dimethoxyiso-benzofuran-1(3 H)-one], also common-
ly known as noscapine (Fig. 1), is a plant-derived non-
toxic orally available alkaloid that has been used clinically
as a cough suppressant in humans and in experimental
animals [1–3]. Its role as a stoichiometric tubulin-binding
anti-cancer drug was discovered in our laboratory [4].
Noscapine binds to tubulin and alters tubulin conformation
as determined by significant changes in the circular
dichroism spectra of tubulin [4]. Unlike other clinically
used microtubule(MT)-binding drugs such as vincas (MT
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depolymerizing) and taxanes (MT over-polymerizing and
bundling), noscapine simply suppresses the dynamics of
MT assembly without changing the dimer/polymer ratio,
blocks mitotic progression, and induce apoptosis in many
cancer cell types [4–7]. Our laboratory has now synthe-
sized more potent noscapine derivatives (collectively
called noscapinoids) that may be suited for development
of yet better anti-cancer agents [8–13]. This array of
compounds led us to evaluate quantitatively the structure–
activity relationships of noscapinoids.

In this study, we evaluate the structure–activity relation-
ship of noscapinoids by developing pharmacophore mod-
els. The quality of pharmacophores was examined by atom-
based 3D quantitative structure-activity relationship
(QSAR) models [14] using Pharmacophore Alignment and
Scoring Engine (PHASE, Schrodinger suite). This engine
has been used successfully in many drug discovery studies
such as those investigating glycoprotein (GP)IIb/IIIa antag-
onists [15], H3-antihistaminics [16], MRP1 modulators
[17], and dihydrofolate reductase inhibitors [18]. Addition-
ally, we performed several quantum chemical calculations
to analyze the role of the calculated electronic properties
in identifying a pharmacophore model for anti-cancer
activity. Electronic features are particularly helpful, not
only in the design of new drugs and in helping to
understand their mechanism of action [19–24] but also in
predicting potential reactive sites that may lead to off-
target effects. Electronic properties such as molecular
electrostatic profile (MESP), lowest unoccupied molecular
orbital (LUMO), highest occupied molecular orbital
(HOMO), and aqueous solvation energy are very useful
parameters for an accurate understanding of the chemical
reactivity of molecules [19–21, 25]. MESP is a widely
used and proven tool for exploring molecular electronic
structure, reactivity patterns, and structure–activity rela-
tionship studies [22–24].

We believe that our ligand-based approaches to identi-
fying pharmacophore models will provide important
insights that will lead to the design of novel noscapinoids
as anti-cancer agents. Furthermore, determination of the
molecular electronic properties responsible for the potent
anti-cancer activity of noscapine and its congeners should
pinpoint the fundamental molecular-level forces responsible
for their potency.

Materials and methods

Biological data

We used 36 noscapine derivatives (noscapinoids) that were
synthesized in our laboratory [8–13] for pharmacophore
generation (Table 1). Structural modifications were intro-
duced primarily in the isoquinoline and benzyl furanone
rings of noscapine (Fig. 1). Anti-cancer activities of these
compounds were measured against CEM, a multi-drug
resistant human T-cell lymphoblastoid cell line under
identical experimental conditions (to minimize bias). A
drug-resistant CEM cell line (overexpressing the drug
efflux pumps, MDR and MRP [26]) was generously
provided by W.T. Beck (Cancer Center, University of
Illinois at Chicago). Cell culture reagents were obtained
from Mediatech (http://cellgro.com). Cells were grown in
RPMI 1640 medium (Mediatech) supplemented with 10%
fetal calf serum, 1% antibiotics (penicillin/streptomycin),
2 mM 1-glutamine, at 37°C in a humidified atmosphere
with 5% CO2. Cell proliferation assay was performed in 96-
well plates as previously described [9, 27]. Briefly, cells
were seeded in 100 μL growth medium at a density of 5 x
103 cells per well in 96-well plates and allowed to establish
for 24 h. Serially diluted concentrations (0.01–500 μM) of
noscapinoids were then added and cells were incubated for
72 h. We measured the inhibition of cell proliferation in a
colorimeter by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium inner
salt (MTS) assay using the CellTiter96 AQueous One
Solution Reagent (Promega, Madison, WI). Cells were
incubated with MTS for 3 h and absorbance was measured
at a wavelength of 490 nm using a microplate reader
(Molecular Devices, Sunnyvale, CA). The percentage of
cell survival as a function of drug concentration was then
plotted to determine the IC50 values (the drug concentration
needed to prevent cell proliferation by 50%). The negative
logarithm of the measured IC50 value in molar concentra-
tion (expressed as pIC50 values) of these compounds was
used in the pharmacophore modeling and QSAR study.

Generation of the common pharmacophore hypotheses

In order to rationalize chemical structure with the observed
anti-cancer activity, pharmacophore models were developed
using a dataset of 36 noscapinoids. Molecular models of
these structures were built using the builder panel in
Maestro (version 9.1; Schrodinger package, [28]). Each
structure was assigned an appropriate bond order using
ligprep script [28] and was subsequently subjected to
energy minimization using the OPLS 2005 force field with
a dielectric constant of 1.0. In the development of common
pharmacophore hypotheses (CPHs) for anti-cancer activity

Fig. 1 Chemical structure of
noscapine, which consists of an
isoquinoline ring (top section)
and a dimethoxy isobenzofura-
none ring (lower section)
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Table 1 Chemical structures of noscapine and its congeners used in the present study, along with their observed inhibitory activity of cell
proliferation (CEM cell line)
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against the CEM cell line, compounds were divided into
active (10 molecules with pIC50>5.0) and inactive (23
compounds with pIC50<4.5) class compounds. PHASE
(version 3.2, Schrodinger [28]) was used to generate CPHs.
A maximum of 200 conformers were generated for each of

the 36 noscapinoids by sampling the conformational space
using a combined Monte-Carlo multiple minimum/low
mode (MCMM/LMOD) method with OPLS-2005 force
field, distance dependent dielectric solvation model, and a
maximum of 1,000 iterations of post-minimization. Con-

Table 1 (continued)
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formers not within 10 kcal mol−1 of the global minimum
were discarded. Visual inspection and careful analysis of
chemical features were conducted to guide the pharmaco-
phore development process. Pharmacophore variants con-
sidered for anti-cancer activity were composed of seven
sites with the following chemical features: hydrogen-bond
acceptor (A, pink sphere), aromatic ring (R, ring), hydro-
phobic (H, green sphere), and positively charged group (P,
blue sphere). Common pharmacophores were searched for
in at least six of the ten active structures with a final box
size of 1.0 Å3, a tree depth of four and intersite distances of
2.0Å. Several hypotheses were generated, of which the best
(AAHHPRR) mapped onto compound 3. Based on the
PHASE scoring functions [15], this hypothesis was chosen
as the final pharmacophore model for use in subsequent
screening and QSAR investigations.

Assessment of significant CPH using partial least square
analysis

The quality of CPHs was evaluated by developing atom-
based 3D QSAR models [15] that correlate chemical
structures with anti-cancer activity against the CEM cell
line. The data set of 36 molecules was divided randomly
into a training set of 26 and a test set of 10 molecules
(Table 2) incorporating anti-cancer activity and chemical
diversity. Atom-based QSAR models were built for the
generated pharmacophores using a grid spacing of 1.0Å to
encompass the space occupied by the aligned training set
molecules. Based on the occupation of a cube by a ligand
atom of training set molecules, the total number of volume
bits was assigned to a given cube. Thus, molecules were
represented by a string of zeros and ones, according to the
cubes they occupy and the different types of atoms/sites
that reside in those cubes. QSAR models were generated
by applying partial least squares (PLS) regression to the
pool of binary-valued (as independent variables) and
using pIC50 (as dependent variable) with three PLS
factors. Each of these models was validated using a test
set of ten molecules that were not considered during
model generation.

Density functional theory calculations

The molecular structures of the noscapinoids obtained from
the predictive pharmacophore model were used for density
functional theory (DFT) calculations. The structures were
energy minimized based on molecular mechanics (Macro-
model, version 9.8, Schrodinger package [28]) during
pharmacophore model development. However, in order to
assess detailed aspects of the electronic structure of the
molecules to calculate the various electronic properties
accurately, we want the geometry of the molecule to be

optimized at a specific level of theory. Thus, to ensure that
the geometry of the structure is fairly reasonable, a
complete geometric optimization of the structures is
necessary. This is because small changes in the geometry
can create very large changes in components of the
electronic structure even if the overall self-consistent field
(SCF) calculated energy (the total energy) of the structure
does not change much. Therefore we carried out complete
geometric optimization of the structure by applying hybrid
DFT with B3LYP (Becke’s three-parameter exchange
potential and the Lee-Yang-Parr correlation functional)
[29, 30], and using basis set 3-21 G* level [31–33] to
calculate the electronic properties of noscapinoids at this
level of theory. Similar computational methods have
recently been used in calculating the electronic properties
of molecules [34, 35]. Various electronic properties: 3D-
MESP, dipole moment, LUMO, HOMO, and aqueous
solvation energy were calculated using Jaguar (version
7.7, Schrodinger [28]). The MESP V(r) at point r, due to a
molecular system with nuclear charges {ZA}, located at
{RA} and the electron density ρ(r) were derived using the
equation:

V ðrÞ ¼
XN

A¼1

ZA
r � RAj j �

Z
r r0ð Þd3r0
r � r0j j ð1Þ

where N denotes the total number of nuclei in the molecule,
and the two terms refer to the bare nuclear potential and the
electronic contributions, respectively. The balance of these
two terms gives the effective localization of electron-rich
regions in the molecular system. Molecular frontier orbitals
HOMO and LUMO as well as MESP of all optimized
structures were visualized with Maestro (version 9.1,
Schrodinger package [28]). The outlines of these MESP
maps provide a measure of the overall size of the molecule
and the color-coded surface gives the locations of negative
and positive electrostatic potentials.

Results and discussion

Effects of noscapinoids on proliferation of cancer cells

The absolute anti-cancer activity (IC50 value) of noscapi-
noids against human lymphoblastoid cells (CEM) were
measured by MTS assay. The negative log of IC50 value
(expressed as pIC50) is used as anti-cancer activity in
evaluating the structure–activity relationships of noscapi-
noids quantitatively. Given a normal distribution (bell-
shaped curve) of activity values of a set of compounds, the
rule of thumb in developing fairly accurate QSAR models
suggests that the difference between the highest and lowest
biological activity of the compounds should be three to four
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orders of magnitude [36]. However, with the array of
noscapinoids examined in this study, the distribution of
activities values was skewed to the left as the majority of
compounds (22 out of 36) have weaker activity (pIC50<4.5
M). Given this asymmetric distribution of activity, the
actual range of raw experimental IC50 data in our case is, in
fact, quite impressive (ranging from 1.2 to 56 μM, Table 1)

and can be reasonably used to assess the structure–activity
relationship among noscapinoids. Noscapine derivatives 3,
5–7, and 9–14 have significantly better activities (pIC50≥
5.0 M) than the other compounds. On the contrary,
derivatives 17–36 (aryl substituted N-carbamoyl/N-thiocar-
bamoyl noscapine analogues) generally showed very weak
or no activity.

Table 2 Experimental and predicted activities for training and test
set compounds based on 3D quantitative structure–activity rela-
tionship (QSAR) models along with their calculated electronic

features. pIC50 −(log IC50), Esolv solvation energy, LUMO lowest
unoccupied molecular orbital, HOMO highest occupied molecular
orbital, HLG HOMO−LUMO energy gap

Sl.
no.

Experimental pIC50

(M)
Predicted pIC50

(M)
Residual Esolv (kcal/

mol)
HOMO
(eV)

LUMO
(eV)

HLG
(eV)

QM dipole
(Debye)

1 4.780 4.970 0.190 −51.82 −0.214 −0.037 −0.177 13.61

2 4.548 4.770 0.222 −43.60 −0.211 −0.015 −0.196 12.49

3a 5.921 5.400 0.521 −79.32 −0.229 −0.078 −0.151 13.38

4 4.345 4.455 0.110 −47.54 −0.212 −0.023 −0.189 12.20

5 5.721 5.664 0.057 −83.65 −0.225 −0.076 −0.149 13.45

6 5.553 5.320 0.233 −43.34 −0.211 −0.066 −0.176 12.15

7 5.638 5.440 0.198 −52.70 −0.219 −0.069 −0.150 13.77

8a 4.810 4.880 0.070 −47.91 −0.213 −0.019 −0.194 12.13

9a 5.585 5.680 0.095 −55.02 −0.207 −0.062 −0.145 13.07

10 5.585 5.770 0.185 −47.37 −0.204 −0.065 −0.139 11.88

11a 5.520 5.300 0.220 −54.40 −0.214 −0.057 −0.157 14.89

12 5.523 5.413 0.110 −49.69 −0.218 −0.059 −0.159 13.61

13 5.000 4.937 0.063 −57.14 −0.217 −0.088 −0.129 13.08

14 5.000 5.160 0.160 −51.48 −0.212 −0.086 −0.126 11.71

15 4.410 4.600 0.190 −50.96 −0.221 −0.044 −0.177 13.03

16 4.516 4.710 0.194 −43.84 −0.215 −0.042 −0.173 12.29

17 4.319 4.170 0.149 −14.65 −0.207 −0.045 −0.162 6.14

18a 4.345 4.230 0.115 −14.77 −0.207 −0.036 −0.171 6.55

19 4.355 4.184 0.171 −13.73 −0.207 −0.024 −0.183 5.99

20 4.392 4.211 0.181 −10.62 −0.207 −0.044 −0.163 5.86

21 4.378 4.260 0.118 −19.15 −0.209 −0.045 −0.164 5.98

22a 4.346 4.300 0.046 −18.31 −0.209 −0.025 −0.184 6.40

23a 4.333 4.300 0.033 −17.19 −0.208 −0.042 −0.166 5.67

24 4.353 4.240 0.113 −19.41 −0.209 −0.043 −0.166 5.81

25a 4.356 4.310 0.046 −16.20 −0.206 −0.048 −0.158 5.80

26 4.286 4.166 0.120 −27.55 −0.214 −0.035 −0.179 14.60

27 4.403 4.350 0.053 −39.51 −0.214 −0.046 −0.168 14.18

28a 4.371 4.550 0.179 −31.40 −0.216 −0.031 −0.185 14.01

29 4.387 4.250 0.137 −38.09 −0.215 −0.049 −0.166 14.23

30 4.374 4.221 0.153 −34.14 −0.221 −0.050 −0.171 14.48

31 4.450 4.211 0.239 −34.64 −0.220 −0.039 −0.181 14.24

32 4.271 4.330 0.059 −39.63 −0.211 −0.016 −0.195 10.59

33 a 4.252 4.410 0.158 −37.78 −0.205 −0.011 −0.194 5.48

34 4.277 4.400 0.123 −37.32 −0.211 −0.017 −0.194 10.49

35 4.427 4.348 0.079 −24.37 −0.214 −0.035 −0.179 12.81

36 4.364 4.184 0.180 −11.72 −0.207 −0.036 −0.171 3.59

a Compounds in the test set
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Pharmacophore perception

The 36 noscapinoids considered as potential inhibitors of
cell proliferation were divided randomly into an active set
(pIC50>5.0) comprised of 10 compounds (3, 5–7, 9–14)
and an inactive set (pIC50<4.5) comprised of 23 com-
pounds (4, 15, 17–36); the remaining 3 compounds (2, 6, 8)
were not classified in these categories and are termed the
“intermediate” class. To determine the molecular compo-
nents required for anti-cancer activity of noscapinoids, we
generated various pharmacophore hypotheses containing
five, six and seven sites using a terminal box size of 1.0Å.
Based on the molecular occupancy of the pharmacophore
features, CPHs composed of five and six sites were
rejected. A total of 1,838 CPHs consisting of seven sites
belonging to 14 types (AAHHHPR, AAAAHPR,
AAAHHHR, AAAAHRR, AAAAHHP, AAAHHHP,
AAHHPRR, AAAHHPR, AAAHPRR, AAAHHRR,
AAAAHHR, AAAAPRR, AHHHPRR and AAHHHRR)
were subjected to stringent scoring function analysis with
respect to active molecules and then with inactive mole-
cules. Default parameters for site, vector, and volume were
used for scoring CPHs. In addition, ligand activity
(expressed as pIC50) was incorporated with a weight of
1.0. The hypotheses that survived the scoring process were
examined further by developing atom-based 3D-QSAR
models. Table 3 summarizes the statistical data of the top
ranked CPHs (with their survival scores) labeled as CPH1–
CPH5. Among these, CPH1 was found to be the best based
on different statistical parameters such as R2, Q2, Pearson-
R, SD, RMSE and F-value. For example, R2 and Q2 values
of 0.912 and 0.908 corroborate with the criteria for a QSAR
model to be highly predictive. This yielded a good Pearson-
R value of 0.951 and high F-value of 31.40. The root mean
square error for the model was 0.215, which is an indicator
of the quality of fit between the experimental and predicted

Table 3 Summary of QSAR results for five best common pharma-
cophore hypotheses (CPHs) with survival scores and statistical
parameters. SD Standard deviation of the regression, R2 value of R2

for the regression, F-value variance ratio, P probability value of
significance, RMSE residual mean square error between experimental

and predicted activities, Q2 cross validated R2 using leave one out
cross validation technique for the predicted activities, Pearson-R,
correlation between the predicted and experimental activity for the test
set

CPH1 (AAHHPRR) CPH2 (AAHHPRR) CPH3 (AHHHPRR) CPH4 (AAHHPRR) CPH5 (AHHHPRR)

Survival score 13.489 13.466 13.464 13.412 13.405

Survival inactive 11.556 11.456 11.526 11.468 11.501

SD 0.250 0.268 0.260 0.257 0.254

R2 0.912 0.882 0.795 0.799 0.804

F-value 31.400 26.300 28.400 29.200 30.000

P 3.97e-08 1.82e-07 9.58e-08 7.38e-08 5.86e-08

RMSE 0.215 0.258 0.251 0.322 0.262

Q2 0.908 0.835 0.844 0.743 0.830

Pearson-R 0.951 0.938 0.953 0.899 0.931

Fig. 2 Relationship between experimental and predicted activities
(pIC50) of a training set and b test set compounds based on 3D
quantitative structure–activity relationship (QSAR) model; R2=0.920;
Q2=0.885 and Pearson-R=0.951
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pIC50 values (Fig. 2). The predicted and the experimental
values of the training and test set molecules are given in
Table 2. The most successful hypothesis—CPH1—was
retained for further studies consisting of the following
molecular components (Fig. 3):

1. Two acceptor features (A) mapping on the lone pair of
vectors of oxygen atom (methoxy group) attached to
dimethoxy isobenzofuranone ring (lower section of
noscapine in Fig. 1).

2. Two aromatic ring features (R) mapping on the benzene
rings.

3. Two hydrophobic group features (H) corresponding to
two methyl groups

4. One positive group feature (P) corresponding to the
nitrogen atom of the isoquinoline ring.

All highly active compounds of the noscapinoid family
map all the functional features of the best predictive
hypothesis (CPH1). For example, the two most potent

Fig. 3 Top ranked pharmaco-
phore model (CPH1) mapped
onto a the fittest compound 3; b
the most active compound 5; c
all the active compounds; on the
inactive compounds d 32; e 33
as well as f with all the inactive
compounds. Pharmacophore
variants considered for anti-
cancer activity were composed
of seven sites with the following
chemical features: hydrogen-
bond acceptor (A, pink sphere),
aromatic ring (R, ring), hydro-
phobic (H, green sphere), and
positively charged group (P,
blue sphere)
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members of the series—compounds 3 (9-chloro-noscapine)
and 5 (9-bromo-noscapine)—map perfectly onto all the
pharmacophoric features of hypothesis CPH1 (Fig. 3a,b).
The other eight active compounds also map well onto the
pharmacophore hypothesis (Fig. 3c). In contrast, the most
inactive compounds 32 and 33 do not map onto the
pharmacophore hypothesis (Fig. 3d,e), whereas some others
map only partially (to only a few of the features of CPH1).
The acceptor and polar groups seem to be crucial for anti-
cancer activity, because these groups do not map in less
active analogues. Also, in some of the less active analogues,
the aromatic rings do not map properly, in spite of good
mapping of the acceptor and positive group features
(Fig. 3f). This stresses the equal importance of the aromatic
rings in anti-cancer activity. Thus, overall, our complete
pharmacophore model can distinguish accurately the active
and inactive compounds of the noscapinoid family.

Lowest unoccupied and highest occupied molecular orbitals

Frontier orbital electron densities on molecules provide a
useful means of characterizing donor–acceptor interactions
in detail. It has been shown that these orbitals play a major
role in governing many chemical reactions. For example,
they are responsible for the formation of many charge
transfer complexes. The energy of the HOMO is related
directly to the ionization potential and it characterizes the
susceptibility of the molecule towards an attack by electro-
philes. On the other hand, the LUMO is related with
electron affinity and gives an idea of the susceptibility of
the molecule towards attack by nucleophiles. Among the
noscapinoids used in this study, HOMO and LUMO
energies are both small, ranging between −0.205 to
−0.227 eV and −0.011 to −0.088 eV, respectively, indicat-
ing the fragile nature of the bound electrons (Table 2). The
small energy gap between HOMO and LUMO energies
(varies between 0.05 and 0.196 eV) makes both rapid
electron transfer and exchange equally possible, making
these compounds very reactive. Noscapinoids with higher
anti-cancer activity (pIC50>5.0) are those with more
negative LUMOs values (on average, −0.071 eV) in
comparison to the less active compounds (on average,
−0.035 eV). Most active compounds can be distinguished
clearly from less active compounds on the basis of their
LUMO energies, as evident from the scatter plot of LUMO
energies against activity (Fig. 4). Thus, manipulating the
functional groups that affect LUMO energies could have a
direct impact on the anti-cancer activity of noscapinoids.
LUMO sites plotted onto the active molecules 1, 3, 5, 7, 11,
12 were scattered over the dimethoxy and the isobenzofur-
anone (lower section) ring; among compounds 9 and 10,
LUMO sites were located at the azido groups; whereas for
compounds 13 and 14, they are distributed over the nitro

group, imply the susceptibility of these groups toward
nucleophilic attack (Fig. 5). In contrast, among the least
active noscapinoid compounds (2, 4, 15, 16, 17–36), such
characteristic LUMO sites were missing. In striking
contrast, HOMOs are located mainly at the isoquinoline
ring in this series of noscapinoids.

Electrostatic potential profiles

Our results show that all the most active noscapinoids share
specific electronic properties and are different from the least
active compounds (Fig. 5). In our classification, all “most
active compounds” showed an electronegative potential
region (red color) near the oxygen atoms of the furanone
ring, extending laterally over the oxygen atom of the
dimethoxy group (L-shaped). Among the nitro derivatives
(13 and 14), one more prominently localized negative
charged region was seen near the oxygen atom of the nitro
group. In the least active compounds, most negative
potentials due to the oxygen atoms are missing. It is
apparent from these results that the negative potentials near
the oxygen atom of the dimethoxy isobenzofuranone ring
and nitro group are crucial for activity. These electrostatic
potential (ESP) profiles generated above are consistent with
the pharmacophore model in which the hydrogen bond
acceptor site is located at the oxygen atom of the methoxy
isobenzofuranone ring.

Dipole moment

Dipole moments of the noscapinoids varied from 5.48 to
14.89 Debye (Table 2). All the most active compounds had
higher dipole moment (> 11 Debye). However, some of the

Fig. 4 Relationship between experimental activity (pIC50) versus
lowest unoccupied molecular orbital (LUMO )energy (eV) of the
compounds. The active compounds (pIC50>5.0) are clearly separated
from the inactive compounds (pIC50<4.5)
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less active compounds also had high dipole moment values
(for example, compounds 26–31 have a dipole moment of~
14 Debye) and hence there is no clear correlation between
dipole moment and biological activity.

Aqueous stabilization

Aqueous solubility is one of the most important
properties contributing to the oral bioavailability of a

drug. A value of 50 μg ml−1 is considered as the
acceptable cut off for most preclinical drug development
programs [37]. Solvation energy gives a measure of
compound solubility, in that higher negative values of
solvation free energy are indicative of higher aqueous
solubility. In our noscapine derivative family, the solva-
tion free energies of noscapinoids varied from
−10.62 kcal mol−1 (20) to −83.63 kcal mol−1 (5) (Table 2)
indicating the good aqueous solubility of these com-

Fig. 5 Three dimensional
LUMOs, highest occupied mo-
lecular orbitals (HOMOs) and
electrostatic potential profiles of
the optimized structures for
most active (3, 5–7, 9–14),
intermediate (1, 2, 8, 16) and
inactive (4, 15, 32, 34) com-
pounds. The orientations of the
molecular structures are adjusted
for better visualization of calcu-
lated molecular orbitals and
electrostatic potential profiles
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pounds. The most active compounds have solvation
energy > −50 kcal mol−1, whereas inactive molecules—
mostly aryl derivatives (17–36)—have less negative
solvation energy (< −40 kcal mol−1). Although, we did
not pursue quantitative studies on the water solubility of
noscapinoids, we routinely prepared stock solutions in
ethanol or dimethylsulfoxide that were then diluted 100 to
1,000 fold in aqueous solution to determine the biological
activity of noscapinoids. Furthermore, in our previous
studies, these compounds were administered by feeding
noscapine orally in aqueous solutions, or even by simply
dissolving in drinking water [38]. Satisfactorily, these
compounds also demonstrated favorable pharmacokinet-
ics (clearance in 6–10 h) [39], consistent with the general
belief that water-soluble drugs also display good pharma-
cokinetic behavior. Hence, the solvation energies com-
puted in this study can be used to guide pharmacokinetic
optimization of the compounds under study.

Conclusions

This body of work represents the first report of a highly
predictive pharmacophore model of noscapine and its
derivatives (the noscapinoids). A total of 1,838 different
hypotheses were developed and examined. A final seven-
point pharmacophore with the common features of a two
hydrogen bond acceptor, two aromatics rings, two
hydrophobic groups, and a positively charged group
was associated with the most significant QSAR model.
Calculated quantum chemical properties provide addi-
tional mechanistic details about the activity of these
compounds. This work revealed that the presence of most
negative potential regions above the oxygen atoms of the
dimethoxy isobenzofuranone ring and the nitro group are
essential for potent anticancer activity. The most active
compounds are associated with higher negative values of
LUMO energies. Aqueous solvation energies values give
an indication of the aqueous solubility and can be used
as a guide to pharmacokinetic optimization of these
molecules. Modification of electronic properties in
accordance with the results of this work by incorporating
such structural features into the scaffold structure of
noscapine will certainly achieve the final goal of
improved anti-cancer noscapinoids.
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