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Abstract

A widely applicable three-dimensional QSAR pharmacophore model for antimalarial activity was developed from a set of 17 substituted
antimalarial indolo[2,1-b]quinazoline-6,12-diones (tryptanthrins) that exhibited remarkable in vitro activity (below 100 ng/mL) against
sensitive and multidrug-resistant Plasmodium falciparum malaria. The pharmacophore, which contains two hydrogen bond acceptors (lipid)
and two hydrophobic (aromatic) features, was found to map well onto many well-known antimalarial drug classes including quinolines,
chalcones, rhodamine dyes, Pfmrk cyclin dependent kinase inhibitors, malarial FabH inhibitors, and plasmepsin inhibitors. The phamacophore
allowed searches for new antimalarial candidates from multiconformer 3D databases and enabled custom designed synthesis of new potent
analogues.
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1. Introduction

The current global situation with respect to malaria indi-
cates that about two billion people are exposed to the disease
and more than 1 million people die from it every year [1]. The
situation is rapidly worsening mainly due to non-availability
of effective drugs and development of drug resistance in
areas where malaria is frequently transmitted [2]. Chloro-
quine, mefloquine, and other frontline drugs for the treatment
and prevention of malaria, are becoming increasingly inef-
fective [3]. Artemisinin analogues such as artesunate and
arteether were later introduced and found to be quite effec-
tive, particularly against drug-resistant P. falciparum, but
observations of drug-induced and dose-related neurotoxicity
in animals have raised concern about the safety of these

compounds for human use [3,4]. Therefore, much effort is
needed for discovery and development of new and less toxic
antimalarial drugs.

Tryptanthrin (indolo[2,1-b]quinazoline-6,12-dione, 6), an
alkaloid isolated from the Taiwanese medicinal plant Strobi-
lanthes cusia, and its substituted derivatives (Table 1) were
recently revisited for a screening program conducted by the
Walter Reed Army Institute of Research, Silver Spring,
Maryland, U.S.A.[5-8]. The compounds displayed remark-
able in vitro antimalarial activity against P. falciparum, both
sensitive and multidrug-resistant strains [9]. The more potent
analogs exhibit IC50 values in the range 0.43 to 10 ng/mL,
about one one-thousandth of the concentrations necessary to
inhibit bacteria. Furthermore, the compounds are also found
to be highly potent against strains of P. falciparum that are up
to 5000-fold resistant to atovoquone, 50-fold resistant to
chloroquine, and 20-fold resistant to mefloquine. Thus, this
novel class of compounds has opened a new chapter for study
in the chemotherapy of malaria.
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Tryptanthrins have a long history [5-8] and are known to
possess activity against a variety of pathogenic bacteria,
particularly the causative agent of tuberculosis [8]. To further
improve its in vitro efficacy, a series of additional azatryptan-
thrin analogs were synthesized incorporating one or two
nitrogen atoms in the A ring (Table 1), and tested for antima-
larial activity. Surprisingly, many of these compounds
showed improved efficacy against P. falciparum and P. vivax
[5,9]. Thus, in continuation of our efforts to design new
antimalarial therapeutic agents from structure-activity rela-
tionship studies [10-14], a three-dimensional chemical fea-
ture based pharmacophore model with applicability over
different classes of antimalarials is presented here to provide
a foundation for 3D database searches to help identify new
potential antimalarial candidates.

2. Results and discussion

The 3D-QSAR pharmacophore for antimalarial activity
was found to contain two hydrogen bond acceptor (lipid)
functions and two aromatic hydrophobic functions at a spe-
cific geometric orientation (Fig. 1). It was developed from a
set of 17 substituted tryptanthrin derivatives including the
parent compound, shown in Table 1. The biological activity
of the 17 tryptanthrin compounds covers a broad spectrum of
activity, ranging from an IC50 of 0.4 ng/mL to 50000 ng/mL.
Although two P. falciparum malaria parasite clones, desig-
nated as Sierra Leone (D6) and Indochina (W2) were used in
the susceptibility testing, we used the IC50 values obtained
from the W2 clones (W2 is resistant to chloroquine, py-
rimethamine, sulfadoxine, and quinine whereas, D6 is resis-
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5 CH -N= C-CH3 -N= C=O CH CH CH CH
6 CH CH CH -CH C=O CH CH CH CH
7 CH -N= CH -CH C=O CH CH CCHC7H16 CH
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9 CH CH CH C-OCH3 C=C-phenyl CH CH C-F CH
10 CH CH C-F CH C=O CH C-N<(CH2)4>N-CH3 C-F CH
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12 CH -N= CH CH -S- CH CH CH CH
13 CH CH CH -N= C=O CH C-Cl CH CH
14 -N= C-OH -N= C-OH C=O CH CH C-I CH
15 CH CH CH CH C=indole CH CH CH CH
16 CH CH CH CH C=C-C=C-phenyl CH CH CH CH
17 CH CH CH CH C-dioxane CH CH C-Br CH
Test set:
1* CH -N= CH CH C=O CH CH C-C8H17 CH
2’ CH CH CH -N= C=O CH CH C-CI CH
3’ CH CH CH CH C=O CH CH CH C-CI
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10’ CH CH CH -N= C=O CH CH C-I CH
11’ CH CH CH C-OCH3 C=O CH CH C-I CH
12’ CH CH C-piperidine CH C=O CH CH C-CI CH
13’ CH -N= CH CH C=O CH CH C-Br CH
14’ CH CH CNCH3(CH2)2OH CH C=O CH CH C-CI CH
15’ CH C-CH3 CH CH C=O CH CH CH CH
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tant to mefloquine) as the activity parameter to develop the
pharmacophore model since the D6 clone results closely
paralleled the W2 clones.

The pharmacophore was developed using the CATALYST
methodology [15] by placing suitable constraints on the
number of available features such as, aromatic hydrophobic
or aliphatic hydrophobic interactions, hydrogen bond do-
nors, hydrogen bond acceptors, hydrogen bond acceptors
(lipid), and ring aromatic sites to describe the antimalarial
activity of the tryptanthrin compounds. Earlier reported [12]
quantum chemical calculations on the stereoelectronic prop-
erties of these compounds provided guidance for selection of
these physico-chemical features. During pharmacophore de-
velopment, the molecules were mapped to the features with
their pre-determined conformations generated using the “fast
fit” techniques in the CATALYST. The procedure resulted in

the generation of 10 alternative pharmacophores for antima-
larial activity of the compounds and appeared to perform
quite well for the training set. The statistical relevance of the
various pharmacophores (hypotheses) so obtained is as-
sessed on the basis of their cost relative to the null hypothesis
and their correlation coefficients [15, 16]. Ideally, the differ-
ence between the fixed cost and the null cost should be
greater than or equal to 60 bits [15]. The correlation coeffi-
cients were found to be between 0.89 to 0.87 for six of the ten
models, and the RMS values ranged between 1.47 and 1.71.
The total costs of the pharmacophores varied over a narrow
range between 88 to 95 bits and the difference between the
fixed cost and the null cost is 77.0, satisfying the acceptable
range recommended in the cost analysis of the CATALYST
procedure [15,17]. Significantly, the best pharmacophore
characterized by two hydrogen bond acceptor (lipid) func-
tions and two aromatic hydrophobic functions (Fig. 1) is also
statistically the most relevant pharmacophore. The predicted
activity values along with the experimentally determined
IC50 values for antimalarial activity of the compounds are
presented in Table 2. A plot of the experimentally determined
IC50 values versus the calculated activities demonstrates a
good correlation (R=0.89) within the range of uncertainty 3,
indicating the predictive power of the pharmacophore
(Fig. 2). The highly potent analogues of the series map all the
functional features of the best hypothesis with high scores,
whereas the less potent compounds either do not map at all or
map fewer of the features.

For example, the more potent analogs of the training set
such as 1&4 map well with the statistically most significant
pharmacophore (Fig. 3a & 3b) whereas, the less potent ana-
logues such as 11 & 16 do not map adequately with the
hypothesis (Fig. 3c & 3d). Two critical sites such as one
hydrogen bond acceptor site and one aromatic hydrophobic
site appear to be missing in the less potent analogues (Fig. 3c
& 3d).
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Hydrophobic

Aromatic

Hydrophobic

 

Fig. 1. Pharmacophore for antimalarial activity of the tryptanthrins. (Light
blue color: represents aromatic hydrophobic groups. This mesh sphere is a
location constraint that represents the volume in which a matching feature
must be located when the pharmacophore is mapped to a candidate mole-
cule; Green color: represents hydrogen bond acceptor functions. Hydrogen
bond acceptor functions include a position in the space for the heavy
(nonhydrogen) atom and a position in the space (the projected point) repre-
senting the point from which the participating hydrogen will extend).

Table 2
Predicted and experimentally determined activity values of the training set and the test set compounds. (IC50 values are given in ng/mL)

Training set IC50 IC50 Error* Test set IC50 IC50 Error*

(compd) (experimental) (predicted) (compd) (experimental) (predicted)
1 0.43 1.3 2.9 1’ 7.6 19.0 2.5
2 0.73 1.6 2.1 2’ 262.9 170.0 -1.5
3 1.8 17.0 9.4 3’ 403.0 320.0 -1.2
4 2.7 2.3 -1.2 4’ 1.9 1.6 -1.2
5 11.2 70.0 6.3 5’ 8.5 17.0 2.0
6 69.0 260 3.7 6’ 7.2 17.0 2.3
7 120.0 23.0 -5.2 7’ 126.0 180.0 1.4
8 354.3 3900 11.0 8’ 3.8 19.0 5.0
9 572.9 740.0 1.3 9’ 11.5 11.0 -1.0
10 734.3 170.0 -4.4 10’ 1.7 1.9 1.2
11 50000 13000 -3.9 11’ 1.8 1.6 -1.2
12 15626 12000 -1.3 12’ 7.7 2.7 -2.8
13 263.0 170.0 -1.5 13’ 34.0 51.0 1.5
14 2589 190.0 -13.0 14’ 6.3 1.8 -3.5
15 8780 12000 1.4 15’ 263.8 560.0 2.1
16 4423 12000 2.7
17 6902 210.0 -33.0

* Values in the error column represent the ratio of the estimated activity to measured activity, or its negative inverse if the ratio is less than one.
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To cross-validate the observed correlation we prepared a
“test set” of 15 additional substituted tryptanthrin com-
pounds (Table 1) that were tested for in vitro antimalarial
activity against D6 and W2 clones of P. falciparum identical
to the original training set. However, this set was not used for
automatic generation of the pharamacophore and thus, the

test set of the tryptanthrin compounds was not used in deter-
mining the features of the pharmacophore generated from the
original training set.

Interestingly, a better correlation (R= 0.92) than the origi-
nal training set was observed when a regression analysis was
performed by mapping this test set onto the features of the
pharmacophore. The predicted and the experimental IC50

values for the test set tryptanthrins along with the respective
error ratios are also shown in Table 2. The actual activity
values are within the limits of uncertainty 3 (Table 2), thus
demonstrating the predictive power of the original pharma-
cophore. As observed in the training set, the more potent
analogues of the test set such as 4’ & 11’ map well with the
pharmacophore whereas, the less potent analogues of the test
set do not map adequately.

To examine the validity of the pharmacophore against
other commonly used antimalarial drugs and to derive some
insights about the possible target of the tryptanthrin com-
pounds, we performed computer simulations with eight anti-
malarial drugs that are currently used in the United States [3];
viz., quinine, chloroquine, mefloquine, primaquine, hy-
droxychloroquine, pyrimethamine, sulfadoxine, and doxycy-
cline. The “best-fit scores”, the predicted & experimental
activity, and the conformational energy required for the anti-
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Fig. 2. Correlation (R = 0.89) line displaying the observed versus estimated
IC50 values (ng/mL) of the training set by using the statistically most
significant hypothesis derived form the W2 activities.

Fig. 3. Mapping of the more potent analogues: (a) 1 & (b) 4, and less potent analogues: (c) 11 & (d) 16, onto the pharmacophore model.

Table 3
“Best-Fit” Scores, Predicted Activity and Conformational Energies of Commonly Used Antimalarial Drugs in the United States by Mapping on the
Pharmacophore

Drug Best-Fit Score Predicted Activity (D6) Experimental Activity (D6) Conformational Energy
(ng/mL) (ng/mL) (kcal/mol)

Quinine 8.6 1.3 5.0 0.0
Chloroquine (CQ) 6.5 140.0 4.2 11.2
Mefloquine 7.0 50.0 4.7 5.1
Primaquine 6.8 82.0 1200 2.6
Hydroxy-CQ 7.3 23.0 12.0 14.6
Pyrimethamine 4.6 12000.0 0.03 0.0
Sulfadoxine 7.0 49.0 12.2 6.3
Doxycycline 6.3 23.0 498.0 0.0
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malarial agents to fit the tryptanthrin pharmacophore model
are presented in Table 3 and Fig. 4.

Surprisingly, quinine maps (has the required spatial distri-
bution of the four essential features) completely with the
pharmacophore (Fig. 4a) and the other drugs map in varying
degrees. Thus, mefloquine (Fig. 4b), primaquine (Fig. 4c),
hydroxychloroquine (Fig. 4d), sulfadoxine (Fig. 4e), and
doxycycline (Fig. 4f) map the two hydrogen-bond acceptor
sites and one of the two hydrophobic sites, whereas chloro-
quine (Fig. 4g) and pyrimethamine (Fig. 4h) map only one of
the two hydrogen-bond acceptors and neither of the hydro-
phobic sites. It may be worthwhile to mention here that
quinine and other quinoline-containing antimalarials includ-
ing chloroquine have shown varying capacity to inhibit ma-
laria heme polymerase extracted from P. falciparum tropo-
zoites [18]. In particular, the interaction of quinine with heme
has been well documented [10]. Since the pharmacophore
maps well on quinine and in varying degrees on the other
quinoline-containing antimalarials, it may be reasonable to
speculate that the tryptanthrin compounds may target heme
polymerase from the P. falciparum tropozoites. In addition,
we have also mapped the pharmacophore on a few recently

reported potent antimalarials such as the chalcones [19] and
rhodacyanine dyes [20]. Surprisingly again, the more potent
chalcone analogues such as, 4- trifluoromethyl-2’,3’,4’–tri-
methoxy and 4-ethyl-2’,4’–dimethoxy chalcones (Fig 5a &
5b) and the rhodacyanine dye MKT-077 and its para- ana-
logue map well on the tryptanthrin pharmacophore (Fig 6a &
Fig 6b).

Since the target protein for the antimalarial activity of the
tryptanthrins is as yet unknown, we mapped the pharma-
cophore on known inhibitors of several malarial proteins in
order to utilize the information for identifying the target and
to design more potent inhibitors. The pharmacophore maps
well onto several potent inhibitors of P. falciparum and P.
vivax [21] plasmepsins such as the ortho- and para-
phenoxyldiphenylurea analogues (Fig. 7a & 7b), moderately
potent Pfmrk cyclin-dependent kinase inhibitors [22] such as
roscovitine and 2-(2-hydroxyethylamino)-6-(3-chloro-
anilino)-9-isopropylpurine (Fig. 8a & 8b), to a varying de-
gree onto known inhibitors for malarial b–ketoacyl-ACP
synthase III, (KASIII or FabH) such as thiolactomycin [23],
and triclosan [24] for Enoyl acyl Carrier Protein Reductase
(ENR or FabI). This information led to a search of multicon-

Fig. 4. Mapping of the pharmacophore onto eight commonly used antimalarial drugs in the United States: (a) quinine, (b) mefloquine, (c) primaquine, (d)
hydroxychloroquine, (e) sulfadoxine, (f) doxycycline, (g) chloroquine, and (h) pyrimethamine.
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former 3D databases which identified one fairly potent plas-
mepsin inhibitor 6-diethylamino-2,3-diphenylbenzofuran
(Fig. 9), two excellent Pfmrk inhibitors from the tryptanthrin
classes, such the 8-nitro- and 7-chloro- 4-azatryptanthrins,
and a moderately good inhibitor, 4-(benzenesulfonamido)-
salicylic acid for the FabH (KASIII) protein (Fig. 10).

Thus, the tryptanthrin pharmacophore model could be
successfully used as a search template for 3D database

searches, and we have further demonstrated the validity of
the model by identifying five new aminoquinazoline deriva-
tives from our in-house Chemical Information System [25]
database as promising candidates for further study. All five of
these compounds have shown potent in vivo activity in a

Fig. 5. Mapping of the pharmacophore on (a) 4,-trifluoromethyl-2’,3’,4’–
trimethoxychalcone, and (b) 4-ethyl-2’,4’-dimethoxychalcone.

Fig. 6. Mapping of the pharmacophore on (a) rhodacyanine dye MKT-077
and (b) para-rhodacyanine dye MKT-077.

Fig. 7. Mapping of the pharmacophore on known Plasmepsin inhihitors: (a)
ortho- and (b) para- phenoxyldiphenylurea analogues.

Fig. 8. Mapping of the pharmacophore on known Pfmrk cyclin dependent
protein kinase (CDK) inhibitors: (a) roscovitine and (b) 2-(2-
hydroxyethylamino)-6-(3-chloroanilino)-9-isopropylpurine.
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mouse malarial screening test. The Chemical Information
System [25] database has over 240,000 compounds and it
was transformed into a multiconformer database in CATA-
LYST using the catDB utility program as implemented in the
software [15]. The catDB format allows a molecule to be
represented by a limited set of conformations thereby permit-
ting conformational flexibility to be included during the
search of the database.

Although the tryptanthrins possess outstanding in vitro
activity against P. falciparum (both W2 & D6 clones) and
have reasonably well tolerated properties for promising anti-
malarial drug candidates, the compounds have yet to display
in vivo activity in a P. berghei mouse model system (Thomp-
son test) [26]. We are currently trying to synthesize analogs
with vastly superior aqueous solubility to overcome the in
vivo efficacy problem. We are continuing to explore new
strategies to translate the potent intrinsic activity of the com-
pounds into new candidates with superior bioavailability
profiles for treatment of malaria.

3. Conclusion

The study demonstrates how the molecular characteristics
from a set of diverse tryptanthrin derivatives may be orga-

nized to be both statistically and mechanistically significant
for potent antimalarial activity that may have universal appli-
cability. In addition, the resulting model can be used to
unravel a possible rationale for the target-specific antima-
larial activity of these compounds. The chemically signifi-
cant molecular characteristics disposed in a three dimen-
sional space generated a pharmacophore that is found to be
quite satisfactory in correlating true activity with the esti-
mated activity of the compounds. Two hydrogen bond accep-
tors and two aromatic hydrophobic sites appear to be the
required functional features for potent antimalarial activity
of many classes of compounds. The validity of the pharma-
cophore extends to structurally different classes of com-
pounds, and thereby provides a powerful template from
which novel drug candidates may be identified for extended
study. Since the identity of the target for antimalarial activity
of the tryptanthrin class of compounds remains unknown,
this three-dimensional QSAR pharmacophore should aid in
the design of well-tolerated target-specific antimalarial
agents.

4. Experimental

4.1. Chemicals

Indolo[2,1-b]quinazoline-6,12-dione (6, tryptanthrin) and
its derivatives were obtained from PathoGenesis Corpora-
tion, Seattle, WA, USA (now owned by Chiron, Emeryville,
CA). In general, these compounds can be synthesized by
base-catalyzed condensation of substituted isatins and sub-
stituted isatoic anhydrides through a convenient one-step
flexible synthesis as previously reported [5]. The remaining
compounds mentioned herein were obtained from the in-
house Chemical Information System repository [25].

4.2. Biological testing

All biological testing was provided by courtesy of the
Department of Parasitology in our Institute. Tryptanthrin and
its derivatives were examined for IC50 values against the P.
falciparum W2 (Indochina) or D6 (Sierra Leone) clones in
vitro as previously reported [9]. Briefly, the in vitro assays
were conducted by using the semiautomated microdilution
technique of Desjardins et al. [26] and Chulay et al. [27]. The
W2 clone is susceptible to mefloquine, but resistant to chlo-
roquine, sulfadoxine, pyrimethamine, and quinine. The D6
clone is resistant to mefloquine, but susceptible to chloro-
quine, sulfadoxine, pyrimethamine, and quinine. The clones
were derived by direct visualization and micromanipulation
from the patient isolates. Test compounds were initially dis-
solved in DMSO and diluted 400-fold in RPMI 1640 culture
medium supplemented with 25mM Hepes, 32 mM NaHCO3

and 10% Albumax I (GIBCO BRL, Grand Island, NY).
These solutions were subsequently serially diluted 2-fold
with a Biomek 1000 (Beckman, Fullerton, CA) over 11 dif-

Fig. 9. Mapping of the pharmacophore on the newly identified Plasmepsin
inhibitor through database search: 6-diethylamino-2,3-diphenylbenzofuran.

Fig. 10. Mapping of the pharmacophore on a newly identified inhibitor for
malarial b–ketoacyl-ACP synthase III (KASIII or FabH) through database
search: 4-(benzenesulfonamido)salicylic acid.

65A.K. Bhattacharjee et al. / European Journal of Medicinal Chemistry 39 (2004) 59–67



ferent concentrations. The parasites were exposed to serial
dilutions of each compound for 48 h and incubated at 37 °C
with 5% O2, 5% CO2, and 90% N2 prior to the addition of
[3H]-hypoxanthine. After a further incubation of 18 h, para-
site DNA was harvested from each microtiter well using a
Packard Filtermate 196 Harvester (Meriden, CT) onto glass
filters. Uptake of [3H]-hypoxanthine was measured with a
Packard topcount scintillation counter. Concentration-
response data were analyzed by a nonlinear regression logis-
tic dose-response model and the IC50 values (50% inhibitory
concentrations) for each compound were determined.

4.3. Procedure for development of the 3D QSAR
pharmacophore model

The three-dimensional QSAR study was performed using
CATALYST 4.6 software [15]. It enables the use of structure
and activity data for a set of lead compounds to generate a
pharmacophore characterizing the activity of the lead set. At
the heart of the software is the HypoGen algorithm that
allows identification of pharmacophores that are common to
the ‘active’ molecules in the training set but are absent in the
‘inactives’ [17]. Structures of tryptanthrin (6) and 16 ana-
logues (1 – 17) were edited within CATALYST and energy
minimized to the closest local minimum using the general-
ized CHARMM-like force field as implemented in the pro-
gram. The CATALYST model treats molecular structures as
templates comprising chemical functions localized in space
that will bind effectively with complementary functions on
the respective binding proteins. The most relevant chemical
features were extracted from a small set of compounds that
cover a broad range of activity [28]. Molecular flexibility was
taken into account by considering each compound as an
ensemble of conformers representing different accessible
areas in a three dimensional space. The “best searching
procedure” was applied to select representative conformers
within 10 kcal/mol of the global minimum [29].

Conformational models of the training set of tryptanthrins
were generated that emphasize representative coverage
within a range of permissible Boltzman population with
significant abundance (10 kcal/mol) of the calculated global
minimum. This conformational model was used for pharma-
cophore generation within CATALYST, which aims to iden-
tify the best three-dimensional arrangement of chemical
functions such as hydrophobic regions, hydrogen bond do-
nor, hydrogen bond acceptor, and positively and/or nega-
tively ionizable sites distributed over a three dimensional
space explaining the activity variations among the training
set. The hydrogen bonding features are vectors, whereas all
other functions are points. Pharmacophore generation was
carried out by setting the default parameters in the automatic
generation procedure in CATALYST such as function weight
0.302, mapping coefficient 0, resolution 260 pm, and activity
uncertainty 3. An uncertainty “D” in the CATALYST para-
digm indicates an activity value lying somewhere in the
interval from “activity divided by D” to “activity multiplied

by D”. The statistical relevance of the obtained pharmacoph-
ore is assessed on the basis of the cost relative to the null
hypothesis and the correlation coefficient [15, 16]. The phar-
macophores are then used to estimate the activities of the
training set. These activities are derived from the best confor-
mation generation mode of the conformers displaying the
smallest root-mean square (RMS) deviations when projected
onto the pharmacophore. HypoGen considers a pharmacoph-
ore that contains features with equal weights and tolerances.
Each feature (e.g. hydrogen-bond acceptor, hydrogen-bond
donor, hydrophobic regions, positive ionizable group, etc.)
contributes equally to estimate the activity. Similarly, each
chemical feature in the HypoGen pharmacophore requires a
match to a corresponding ligand atom to be within the same
distance of tolerance [16]. The method has been documented
to perform better than a structure-based pharmacophore gen-
eration [28].
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