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Abstract: Malaria, the most important of the human parasitic diseases, causes about 500 million infections worldwide and 
over 1 million deaths every year. The search for novel drug candidates against specific parasitic targets is an important 
goal for antimalarial drug discovery. Recently the antimalarial activity of chalcones has generated great interest. These 
compounds are small non-chiral molecules with relative high lipophilicity (clogP ~ 5-7), have molecular weights in the 
range of 300 to 600 g/mol, and possess in vivo efficacy against both P. berghei and P. yeolii. Preliminary data on our on-
going chalcone synthesis project indicate that these compounds are active in vitro against P. falciparum, but are rapidly 
metabolized in liver microsome assays. Structurally-related compounds not including the enone linker are found to be 
much more metabolically stable and yet have comparable in vitro efficacy. In this study, we have utilized the efficacy data 
from an in-house on-going chalcone project to develop a 3D pharmacophore for antimalarial activity and used it to con-
duct virtual screening (in silico search) of a chemical library which resulted in identification of several potent chalcone-
like antimalarials. The pharmacophore is found to contain an aromatic and an aliphatic hydrophobic site, one hydrogen 
bond donor site, and a ring aromatic feature distributed over a 3D space. The identified compounds were not only found to 
be potent in vitro against several drug resistant and susceptible strains of P. falciparum and have better metabolic stability, 
but included one with good in vivo efficacy in a mouse model of malaria.  

Key Words: In silico 3D pharmacophore, virtual screening, malaria, chalcone, design, novel antimalarial agents, quantitative 
structure activity relationship (QSAR).  

INTRODUCTION 

 Malaria is one of the most prevalent diseases in tropical 
and subtropical countries and affects 300-500 million people 
a year [1]. Despite years of efforts, the disease is still esti-
mated to be responsible over 1 million deaths worldwide, 
mostly of children under the age of five in developing coun-
tries. Even in the United States, more than a thousand people 
are affected annually [2]. Currently about two billion people 
are exposed to malaria with two-thirds of the world’s popu-
lation living in endemic regions [3]. The situation is rapidly 
worsening due to limited availability of effective drugs, the 
development of drug resistance by the parasite and by fre-
quent visitation of non-immune people to areas where ma-
laria is frequently transmitted [4]. Chloroquine, mefloquine, 
and other frontline drugs for the treatment and prevention of 
malaria are becoming increasingly ineffective (Fig. (1)) [5]. 
Artemisinin analogs such as artesunate and arteether were 
later introduced and found to be quite effective, particularly 
against drug-resistant Plasmodium falciparum, but observa-
tions of drug-induced and dose-related neurotoxicity in ani-
mals have raised concern about the safety of these com-
pounds for human use [5]. Therefore, much effort and atten-
tion are needed for discovery and development of new and 
less toxic antimalarial drugs.  
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 A major initiative in this direction is to find new targets 
that are critical to the disease process or essential for the 
survival of the parasite. Identification and design of novel 
chemical entities specifically affecting these targets could 
lead to better drugs for the treatment of malaria. The antima-
larial activity of the chalcone class of compounds is well 
established [6-12]. The naturally occurring glycosidic dihy-
drochalcone Phlorizidin, isolated from Micromelum tephro-
carpum (Rutaceae), was one of first chalcones shown to pos-
sess antiplasmodial activity, and appears to induce perme-
ability to various substrates in Plasmodium-infected erythro-
cytes [11]. More promising is licochalcone A, first isolated 
from Glycyrrhiza glabra (Fabaceae). It possesses in vitro
and in vivo activity against different parasites including P.
falciparum, L. donovani and L. major and has undergone 
intensive preclinical study [7]. Several groups have studied 
the relationship between the structure of chalcone analogs 
and their antimalarial activity [8-10]. Since the emerging 
relationship does not correlate with that between structure 
and the inhibition of any known antimalarial target, the 
mechanism by which the chalcones act appears to be distinct 
from the established mechanisms [12]. In addition to anti-
parasitic activity the chalcones possess a wide range of other 
biological activity [8-10].  

 Results from our on-going chalcone project [13] indicate 
that chalcones are rapidly metabolized by liver microsomes. 
Since preliminary studies suggested that analogs in which 
the enone linker of the chalcone is modified have signifi-
cantly improved metabolic stability, we sought to identify 
compounds sharing the antimalarial properties of the chal-
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cones, but lacking the enone structure. Despite some under-
standing of the structural basis for the antimalarial activity of 
the chalcones, specific knowledge of the pharmacophore was 
unclear at the outset of the study described herein. Informa-
tion about the pharmacophore will provide a better under-
standing of the structural requirements for antimalarial activ-
ity. It will be a valuable tool to enable identification of novel 
candidate compounds through virtual screening of databases 
and will facilitate the design of novel analogs.

 In a continuation of our efforts to develop new antimalar-
ial agents using computational methodologies [14], we report 
herein an in silico three-dimensional chemical function 
based pharmacophore model for the antimalarial activity of 
the chalcones and demonstrate the application of this model 
in virtual screening of a compound library to identify novel, 
potent antimalarial agents.  

MATERIALS AND METHODS 

Chemicals 

 The following chalcones and chalcone-like compounds 
were obtained and identified through virtual screening from 
the in-house chemical library at the CIS-WRAIR [15] which 
includes both commercially available compounds and others 
submitted by various laboratories. Their structures are shown 
in Figs. (2) and (3). N9,N9-Diethyl-12H-benzo[a]phenoxazine-
5,9-diamine (Compound 1) [16], (E)-1-(2,5-dichlorophenyl)-
3-quinolin-4-yl-propenone (Compound 2) [8], (E)-1-(5-fluoro-
2-methoxyphenyl)-3-quinolin-3-yl-propenone (Compound 3)
[13], (E)-3-(2,5-difluorophenyl)-1-(2,4-dimethoxyphenyl)pro-
penone (Compound 4) [17], (E)-1-(2,4-dimethoxyphenyl)-3-
pyridin-2-yl-propenone (Compound 5) [18], (E)-1-(4-butoxy-
phenyl)-3-(4-hydroxy-2-methoxyphenyl)-propenone (Com-
pound 6) [17], 1,3-bis-(4-chlorophenyl)propane-1,3-dione 
(Compound 7) [19], 1,3-bis-(3,4,5-trimethoxyphenyl)-propan-
1-one (Compound 8) [20], N-ethyl-N-phenyl-2-amino-1-phe-
nylethanone (Compound 9) [21], 2,3-dichloro-3-(4-chloro-

phenyl)-1-(3-chlorophenyl)-propan-1-one (Compound 10) [22], 
2-(4-chlorobenzyl)-3-(4-chlorophenyl)propylamine (Com-
pound 11) [23], (E)-1,3-bis-(4-chlorophenyl)propenone (Com-
pound 12) [17], (E)-3-(2-chlorophenyl)-1-(2,4-dimethylphe-
nyl)propenone (Compound 13) [17], 2,N-bis-(4-chlorophenyl)-
2-ethoxyacetamide (Compound 14) [24], (E)-3-(2-chloro-
quinolin-3-yl)-1-phenylpropenone (Compound 15) [25], (E)-
1-(4-hydroxyphenyl)-3-quinolin-4-yl-propenone (Compound
16) [26], 5-[4-(3-chlorobenzylamino)phenyl]-6-ethylpyrimi-
dine-2,4-diamine (Compound 17) [27], N6-(3-bromobenzyl)-
quinazoline-2,4,6-triamine (Compound 18) [28], 4-amino-N-
(4-trifluoromethylphenyl)benzenesulfonamide (Compound
19) [29], 3-hydroxynaphthalene-2-carboxylic acid (4-pentyl-
phenyl)-amide (Compound 20) [30], N-(4-tert-butylbenzyl)-
N-methyl-2-amino-1-phenylpropan-1-ol (Compound 21) [31], 
1-(4-amino-2-methyl-quinolin-6-yl)-3-(4-ethoxyphenyl) urea 
(Compound 22) [32], 1-(4-butylphenyl)-3-(4-fluorophenyl) 
urea (Compound 23) [33], 1-(4-ethylphenyl)-3-phenylurea 
(Compound 24) [33], 1-(4-ethoxyphenyl)-3-(4-fluorophenyl) 
urea (Compound 25) [33], N-(4-chloro-3-trifluoromethyl-
phenyl)-N'-(4-hydroxy-6-methylpyrimidin-2-yl)guanidine 
(Compound 26) [34], 1-(4-ethylphenyl)-3-m-tolylurea (Com-
pound 27) [33], 1-(4-ethylphenyl)-3-o-tolylurea (Compound
28) [33], 1-(4-chlorophenyl)-3-(3-ethoxyphenyl)urea (Com-
pound 29) [33].  

Biological Testing 

 In vitro efficacy testing was conducted by the Depart-
ment of Parasitology, WRAIR, against P. falciparum W2 
(resistant to chloroquine, sulfadoxine, pyrimethamine, and 
quinine but susceptible to mefloquine), D6 (resistant to me-
floquine, but susceptible to chloroquine, sulfadoxine, pyri-
methamine, and quinine), TM91C235 (a multi drug resistant 
isolate from Thailand), RCS (a chloroquine resistant isolate 
from Brazil) and TM90C2A (an chloroquine and mefloquine 
resistant isolate from Thailand) strains. The semiautomated 
microdilution technique of Desjardins, et al. [35] and Chu-

Fig. (1). Known antimalarial agents. 
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lay, et al. [36] was used. The test compounds were dissolved 
in DMSO and then 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 2000 (Beckman, Fullerton, CA) over 11 dif-
ferent concentrations. The parasites were exposed to serial 
dilutions of each compound for 48 h and incubated at 37 ºC 
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-res-
ponse data were analyzed by a nonlinear regression logistic 
dose-response model and the IC50 values (50% inhibitory 
concentrations) for each compound were determined. 

 In vivo efficacy testing of the majority of compounds 
identified (Compound 17-29) had already been performed by 

Fig. (2). Structures of compounds in the training set. 
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the Division of Experimental Therapeutics, WRAIR in the 
early 1970s. The protocol used extended over 14 days, with 
Day 0 being when the test mice were infected with the ma-
laria parasite, a subcutaneous dose of test compound of 640 
mg/kg was administered once daily on Days 1 to 3. The pre-
sumptive casual prophylactic test determines if test com-
pounds have activity against either the sporozite or exoeryth-
rocyte stages of Plasmodium yoelii.

COMPUTATIONAL METHODS  

Procedure for Development of the 3D QSAR Pharma-

cophore Model 

 The three-dimensional QSAR study was performed using 
CATALYST 4.9 software [37]. The algorithm treats molecu-
lar structures as templates comprised of chemical functions 
localized in space that will bind effectively with a comple-
mentary function on the respective binding protein(s). The 
most relevant biological features are extracted from a small 
set of compounds that cover a broad range of activity.  

 The CATALYST procedure uses the structure-activity 
data for a set of lead compounds to generate a pharma-
cophore characterizing the activity of the lead set. In this 

case activity was the in vitro efficacy against the W2 strain 
of P. falciparum. In order to obtain a reliable model, ade-
quately describing the interaction of ligands with high pre-
dictability, the procedure recommends beginning with a col-
lection of 15-25 chemically diverse molecules with biologi-
cal activity covering 4-5 orders of magnitude for the training 
set. The structures of the sixteen chalcone and chalcone-like 
compounds (1-16) selected for this study are shown in Fig. 
(2). We consider chalcone-like compounds as being those 
possessing a non-enone, three-atom spacer between two aryl 
moieties. The in vitro efficacies of this training set of sixteen 
compounds, shown in Table 1, cover a reasonably broad 
range.  

 We used the HypoGen algorithm to identify the pharma-
cophores that are common to the ‘active’ molecules in the 
training set but are absent in the ‘inactives’ [38]. The struc-
tures of the sixteen compounds (1-16) were edited within 
CATALYST, minimizing energy to the closest local mini-
mum using the generalized CHARMM-like force field as 
implemented in the program. The most relevant chemical 
features were extracted from this set of compounds [39]. 
Molecular flexibility was taken into account by considering 
each compound as an ensemble of conformers representing 

Fig. (3). Structure of compounds identified from a compound library using the pharmacophore. 
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different accessible areas in a three dimensional space. The 
“best searching procedure” was applied to select representa-
tive conformers within 10 kcal/mol of the global minimum 
[40].  

 Conformational models of the sixteen compounds were 
generated in such a way to emphasize representative cover-
age within a range of permissible Boltzman population with 
significant abundance (within 10.0 kcal/mol) of the calcu-
lated global minimum. This conformational model, used for 
pharmacophore generation within CATALYST, aims to 
identify 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) which explains the variation in activity 
among the compounds in the training set. The hydrogen 
bonding features in CATALYST [37] are represented as vec-
tors, whereas all other functions are represented as points. 
Pharmacophore generation was carried out using the default 
parameters in the automatic generation procedure of CATA-
LYST including function weight = 0.302, mapping coeffi-
cient = 0, resolution = 280 pm (2.8 Å), and activity uncer-
tainty “ ” = 3. An uncertainty in the CATALYST paradigm 
indicates an activity value lying somewhere in the interval 
from “activity divided by ” to “activity multiplied by ”.
The statistical relevance of the pharmacophore obtained was 
then assessed on the basis of the cost relative to the null hy-
pothesis and the correlation coefficient, along with CatScram-

bled confidence level of the pharmacophore [37]. The phar-
macophore was then used to estimate the activities of the 
compounds in the training set. These activities are derived 
from the best conformation generation mode of the conform-
ers displaying the smallest root-mean square (RMS) devia-
tions when projected onto the pharmacophore. HypoGen 
considers each feature (e.g. hydrogen-bond acceptor, hydro-
gen-bond donor, hydrophobic regions, positive ionizable 
group, etc.) in the pharmacophore to contribute equally when 
estimating activity. Also, each chemical feature in the Hy-
poGen pharmacophore requires a match to a corresponding 
ligand atom within the same distance of tolerance [38]. The 
method has been documented to perform better than struc-
ture-based pharmacophore generation [40].  

Docking Calculations 

 Docking calculations with heme were performed using 
the Affinity module of the InsightII package [41], adopting 
the ESFF (electrostatic force field) force field for assigning 
the potentials of both the ligands and of heme. Affinity is a 
collection of programs for automatic docking of a ligand to a 
receptor (host-heme). For a given assembly, consisting of a 
ligand molecule and a receptor molecule, docking proce-
dures in Affinity optimizes the structure of ligand/receptor 
complex based upon the energy of the complex. This energy-
driven method [42] is particularly useful in situations where 
the experimentally determined structure of a protein-ligand 

Table 1. Compounds in the Training Set 

Cmpd. Experimental 

IC50 (ng/mL) 

Predicted 

IC50 (ng/mL) 

Error*

1 24 32 1.3 

2 74.5 380 5.1 

3 318 590 1.9 

4 385 480 1.3 

5 454 340 -1.3 

6 468 1800 3.7 

7 502 280 -1.8 

8 637.6 280 -2.3 

9 752.5 2400 3.2 

10 905 620 -1.5 

11 1256 440 -2.9 

12 1457 1300 -1.1 

13 2385 1700 -1.4 

14 3465 830 -4.2 

15 7247 6100 -1.2 

16 18856 15000 -1.2 

*A value that increases as the rms (root-mean square) difference between predicted and experimental activities for the training set compounds increases. This factor is designed to 

favor models for which the activity correlation is better. The standard deviation of this parameter is given by the uncertainty parameter as described under Materials and Methods in 
the computational methods section.  
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complex is unavailable. It uses a combination of Monte 
Carlo and Simulated Annealing procedures to dock the guest 
molecule to the host. A key feature is that the "bulk" of the 
receptor, defined as atoms not in the binding (active) site 
specified, is held rigid during the docking process, while the 
binding site atoms and ligand atoms are allowed to move. 
Non-bonded interactions in Affinity are calculated using 
either a grid based approach developed by Luty, et al. [43], a 
cell multipole approach, a group based cutoff approach, or a 
hard sphere steric method without electrostatics [42]. Fur-
thermore, Affinity allows incorporation of solvation effects 
by the method of Stouten, et al. [44]. In addition to non-
bonded interactions, various empirical penalty terms, such as 
a distance based H-bond term, a ligand confining term, and a 
simple tethering term are included in the calculations to aid 
in the process of docking.  

 We present here an overview of the docking procedure. 
Firstly, a roughly docked complex of Compound 1 and heme 
is generated manually. Affinity is then used to perform an 
energy minimization to obtain an initial structure. This step 
should remove bad contacts and poor internal geometry in 
this structure resulting in a reasonable starting point for sub-
sequent searches. The ligand is then moved by a random 
combination of translation, rotation, and torsional changes. 
The random movement of the ligand samples both the con-
formational space of the ligand and its orientation with re-
spect to the receptor. This has the advantage of overcoming 
any energy barrier on the potential energy surface. Subse-
quently the method checks the energy of the resulting ran-
domly moved structure. If it is within the a specified energy 
tolerance parameter of the previous minimized structure, it is 
considered to have passed the first step and the structure is 
then subjected to energy minimization, the second step for 
fine-tuning the docking. The final minimized structure is 
accepted or rejected based on the Metropolis energy criterion 
as implemented in the software and its similarity to struc-
tures found before. The Metropolis criterion is found to be 
best suited for finding a very small number of docked struc-
tures with very low energies, while the other energy range 
criterion is designed to find more and diverse structures. In 
checking structure similarity, the RMS distances between the 
current structure and structures found so far are computed 
for ligand atoms. Since the Affinity module has the ability to 
employ different docking methodologies, such as simulated 
annealing and dynamics in conjunction with Monte Carlo 
minimization, after generating initial structures by the above 
method, we further refine these structures with these proce-
dures.  

Quantum Chemical Calculations 

 Binding affinities for the interaction between a sodium 
ion and the -electrons of various aromatic rings were calcu-
lated using the 6-31G** basis set as implemented in the 
Gaussian98 package [42] (using d- & p-orbital polarized 
functions). Complete optimization of geometry of each com-
plex was carried out using the above basis set. Similar calcu-
lations were performed on the uncomplexed molecular frag-
ments and sodium ion separately, at the same level of theory. 
The choice of the 6-31G** basis set was documented as ade-
quate enough for the study, since substantially higher levels 
of theory produce similar trends [43]. The initial structure of 

the complex was built by placing the sodium ion above the 
aromatic ring centroid. The molecular electrostatic potential 
(MEP) profiles were calculated on the optimized geometry 
of the molecules using SPARTAN [44]. The MEPs were 
sampled over the entire accessible surface of a molecule 
(corresponding roughly to the van der Waals contact surface) 
providing a measure of charge distribution from the point of 
view of an approaching reagent. The regions of negative 
potential indicate areas of excess negative charge (repre-
sented by red color, deepest red being the most negative po-
tential) so the deepest red region is the most nucleophilic site 
in the molecule. Regions of positive potential indicate areas 
of excess positive charge (represented by blue color, deepest 
blue being the most positive potential), so the deepest blue 
region is the most electrophilic site in the molecule. 

RESULTS AND DISCUSSION 

3D Pharmacophore and its Correlation with Experimen-
tal Activity 

 Pharmacophores are spatial arrangements of key chemi-
cal features associated with a set of known compounds that 
are responsible for a specific biological activity of the com-
pounds. They are mainly useful when, as is the case for the 
chalcones, active compounds have been identified, but a 
three dimensional structure of the biological target is un-
known. We utilized data for a training set of sixteen chal-
cone and chalcone-like compounds (1-16) (Fig. (2)) to de-
velop a 3D pharmacophore model for the in vitro efficacy of 
chalcones against P. falciparum W2.  

 In generating the pharmacophore, chemical features were 
selected from the feature dictionary, including hydrogen 
bond acceptor, hydrogen bond donor, aliphatic hydrophobe, 
aromatic hydrophobe, and positive ionizable features. The 
HypoGen algorithm in CATALYST was run using default 
values for all parameters. The log file obtained from the Hy-
poGen calculations indicated a successful run for the genera-
tion of the pharmacophore containing the important parame-
ters well within the appropriate range as recommended by 
the methodology. By performing a Fischer randomization as 
implemented in the CatScramble module of the CATALYST 
[37], we observed an approximately 85-95% confidence 
level for our model. During the pharmacophore development, 
the molecules were mapped to the features with their pre-
determined conformations generated using the “fast fit” al-
gorithm in CATALYST. The conformational energy range 
for developing the model was between 0 to 20 kcal/mol. The 
procedure appeared to run successfully and resulted in the 
generation of 10 alternative pharmacophores for activity of 
the compounds.  

 The correlation coefficient for the statistically most sig-
nificant pharmacophore was good (R = 0.85). The structural 
elements, which are shown in Fig. 4a, comprise an aromatic 
hydrophobic and an aliphatic hydrophobic site, one hydrogen 
bond donor site, and a ring aromatic feature. The correspond-
ing binding site in the target protein presumably possesses 
complementary features to these, leading to binding.  

 The correlation between the experimental and predicted 
efficacies of the training set compounds is presented in Fig. 
(5). The more potent compounds in the training set are found 
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to map all the features of the pharmacophore (e.g. Com-
pound 1, Fig. (4b)), whereas the less potent compounds fail 
to map all the features (e.g. Compound 16, Fig. (4c)).  

 In addition to the CatScramble method of statistical vali-
dation, we further cross-validated the pharmacophore model 
by using it to virtually screen an in-house chemical library 

Fig. (5). Correlation of experimental activity with those predicted in silico.

Fig. (4). (a) Pharmacophore for the antimalarial activity of the chalcones. 

(b) Mapping of the pharmacophore with a potent compound (1); (c) Mapping of the pharmacophore with a less potent compound (16); (d)
Mapping of the pharmacophore with the identified Compound (17); (e) Mapping of the pharmacophore with the identified Compound (18); 
(f) Mapping of the pharmacophore with the identified Compound (20); (g) Mapping of the pharmacophore with the identified Compound 
(21); (h) Mapping of the pharmacophore with compound (2), which matches three features; (i) Mapping of the pharmacophore with com-
pound (30), a structure designed to matches all four features. 



324    Medicinal Chemistry, 2007, Vol. 3, No. 4 Bhattacharjee et al. 

[15]. In so doing, we should identify new compounds which 
possess the chalcone antimalarial pharmacophore. To this 
end, the pharmacophore was mapped onto a potent analog 
and the spatial positions of the chemical features were con-
verted into a 3D shape-based single template which was used 
to search for new compounds in the library. The generated 
template has both shape (to account for the steric factors) 
and the features (necessary for binding to the active site) for 
antimalarial activity. The structures of the most interesting 
compounds identified (17-29), are shown in Fig. 3, and their 
antimalarial properties in Table 2. The potent compounds 
(IC50 < 100 ng/mL against both W2 and D6 strains) all map 
well on the features of the pharmacophore; mappings for 
Compounds 17, 18, 20, and 21 are shown in Figs. (4d-4g). 
Two of these, compounds 17 and 18, are highly potent in
vitro against all five strains of P. falciparum tested. Moreo-
ver, compound 18 showed significant potency in a malaria-
infected mouse model. The other compounds, which are less 
potent in vitro, do not map to all the features of the pharma-
cophore. The data is not shown, but some of these com-
pounds (17-29) were found to have improved metabolic sta-
bility compared to the chalcones. In considering which hits 
to pursue, ADME and toxicity properties were considered, in 
part by undertaking a rapid in silico screening using Cerus2-
ADME and TOPKAT methodologies [48].  

 One compound that we elected to further investigate is 
Compound 18. It is known to be a folate antagonist and is a 
highly potent antimalarial agent [49]. We are currently using 
the pharmacophore and other literature describing the struc-
tural requirements for inhibition of dihydrofolate reductase 
[50-52] to design new antimalarial compounds based upon 
Compounds 18, which lack antifolate activity, yet possess 

antimalarial activity. The results of these studies will be pub-
lished shortly [53].  

 The pharmacophore model was also used in an effort to 
enhance the potency of the chalcone-like compounds in our 
program. Fig. (4h) shows the mapping of the pharmacophore 
onto one of our most potent compounds to date, Compound 
2. It maps three of the four features in the pharmacophore: 
the two phenyl rings provide the aromatic hydrophobe and 
aromatic ring features; and the 3-chloro substituent the ali-
phatic hydrophobe. Since it lacks the hydrogen bond donor 
function, we felt it will be possible to design more highly 
potent compounds. One such compound is the amidine, com-
pound 30, shown in Figs. (4i) and (6), which maps all four 
features in the pharmacophore. Additionally, the amidine 
functional group is found in many potent antimalarial com-
pounds [54]. The results of this study will be published later.  

 Since potent chalcones are reported to participate in the 
inhibition of hemozoin formation and antimalarial activity 
has been suggested to be due to the inhibition of heme for-
mation [55], we performed docking calculations with heme 
to assess the role of electron transfer to the heme iron from 
the compounds. By adopting the docking procedure as im-
plemented in the affinity module of InsightII [41], we calcu-
lated the minimum energy of heme and the docked structure 
for the most potent analog in the training set, Compound 1,
along with that for two of the less potent analogs, Com-
pounds 2 and 5. The interaction energy values of the docked 
structures were found to be as follows: Compound 1 = 364.3 
kcal/mol, Compound 2 = 113.6 kcal/mol, and Compound 5 = 
101.9 kcal/mol. Clearly, the more potent analogs seem to 
have a stronger interaction with heme, thus inhibition of 

Table 2. Antimalarial Activity of Compounds Identified from a Compound Library Using the Pharmacophore 

Cmpd. IC50 (ng/mL) 

D6 

IC50 (ng/mL)

W2 

IC50 (ng/mL) 

TM91C235 

IC50 (ng/mL) 

RCS 

IC50 (ng/mL) 

TM90C2A 

In vivo activity* 

17 <0.9 5.7 57.6 6.6 26.5 Not tested 

18 0.14 4.17 19 1.7 5.8 Curative 

19 17.4 >12500 >500 >500 >500 Not tested 

20 38.8 28.6 128.4 27.7 134.6 Inactive 

21 96.4 31.8 296 30.6 235.4 Inactive 

22 165.8 175.7 nd nd nd Inactive 

23 225.9 640.8 nd nd nd Inactive 

24 291.2 1060.9 nd nd nd Inactive 

25 360.8 436.3 nd nd nd Inactive 

26 410.2 1090 nd nd nd Inactive 

27 425.1 732.9 nd nd nd Inactive 

28 516.7 2590.2 nd nd nd Inactive 

29 679 593.5 nd nd nd Inactive 

* Based upon survivability of test mice, dosed subcutaneously 640 mg/kg/day for 3 days.  Compounds are curative when all 5 test mice survive the 14 days of the assay and suffer no 

reemergence of infection.  Compounds are inactive when test mice have comparable survivability to control mice, which receive only vehicle and typically die during days 6-9 of the 
assay.   
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heme formation may be involved in the mechanism of anti-
malarial action of these compounds. 

Fig. (6). Structure of compound 30, a chalcone-like compound 
designed using the pharmacophore.

 The interaction between the -electrons of the aromatic 
moiety and a positively charged entity in the binding site is 
proposed to be involved in the antimalarial activity of the 
chalcones [8]. In order to analyze such a possibility, we as-
sessed the binding affinity of the -electron in the A ring in 
three chalcones using the sodium ion as a probe test positive 
charge: Compound 1, the most potent analog in the training 
set; Compound 2, a moderately potent; and Compound 5, a 
less potent analog from the training set. The calculated stabi-
lization energies due to sodium complexation for the three 
compounds are: Compound 1 = 28.0 kcal/mol; Compound 2
= 26.0 kcal/mol; and Compound 5 = 52.0 kcal/mol. The re-
sults indicate that the -electrons of A ring in Compound 5
are almost two fold more stabilized by complexation than the 
corresponding A rings in Compound 1 (stabilized by 28.0 
kcal/mol) and Compound 2 (stabilized by 26.0 kcal/mol). 
Therefore interaction between the aromatic ring and a posi-
tively charged entity in the binding site does not appear to 
have a role in the antimalarial activity of these compounds. 
However, the molecular electrostatic potential (MEP) profile 
of uncomplexed Compound 1 indicates the strongest nucleo-
philic center at the nitrogen atom of the heterocycle. Thus, 
protonation at this center could be involved in the mecha-
nism of antimalarial activity of these compounds, either by 
enhancing interaction with the biological target or by con-
centrating the compound in the acidic food vacuoles of the 
parasites [56].  

CONCLUDING REMARKS 

 The study demonstrates how the chemical features of a 
set of diverse chalcone and chalcone-like compounds can be 
organized to develop a pharmacophore for antimalarial activ-
ity. An aromatic and an aliphatic hydrophobic site, one hy-
drogen bond donor site, and a ring aromatic feature distrib-
uted over a three dimensional space, appear to be the func-
tional features required for potent antimalarial activity of this 
class of compounds. The activity of the compounds esti-
mated by this pharmacophore was found to correlate well 
with those determined experimentally. The pharmacophore 
was used to conduct a virtual screening of a compound li-
brary to identify new classes of compound with potential as 
antimalarial candidates. The validity of the pharmacophore 
extends to structurally different classes of compounds, and 
thereby provides a powerful template by which novel drug 
candidates may be designed. This three-dimensional QSAR 
pharmacophore should assist in the design of novel antima-
larial agents directed against the (as yet unknown) target of 
the chalcones.  
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