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Abstract

In order to explore the ability of non-stochastic quadratic indices to encode chemical information in antimalarials, four quantitative models for
the discrimination of compounds having this property were generated and statistically compared. Accuracies of 90.2% and 83.3% for the training
and test sets, respectively, were observed for the best of all the models, which included non-stochastic quadratic fingerprints weighted with
Pauling electronegativities. With a comparative purpose and as a second validation experiment, an exercise of virtual screening of 65 already-
reported antimalarials was carried out. Finally, 17 new compounds were classified as either active/inactive ones and experimentally evaluated for
their potential antimalarial properties on the ferriprotoporphyrin (FP) IX biocrystallization inhibition test (FBIT). The theoretical predictions were
in agreement with the experimental results. In the assayed test compound C5 resulted more active than chloroquine. The current result illustrates
the usefulness of the TOMOCOMD-CARDD strategy in rational antimalarial-drug design, at the time that it introduces a new family of organic
compounds as starting point for the development of promising antimalarials.
© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Being known since time immemorial, malaria remains a ser-
ious and complex health problem today. Approximately 300–
400 million people worldwide suffer from this infectious dis-

ease, dying ca. 3 million every year, mostly children younger
than 5 years [1–3]. This situation has become even more com-
plex over the last decades with the increase in resistance to
those drugs normally used to combat the malaria parasite [3–
5]. Therefore, the international scientific community is called
upon to use efficient strategies for the discovery of non-tradi-
tional antimalarial agents [6–9].

Computer-aided drug design has emerged in the pharmaceu-
tical world as an important tool for the rational search of che-
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micals with desired properties. Different studies related to the
in silico design have been reported in the literature during the
last years [7–16]. In this context, our research group has re-
cently introduced the TOMOCOMD-CARDD scheme for the
codification of chemical information of small and medium-
sized molecules considering different atomic features [17–23].
Using the TOMOCOMD-CARDD strategy, it is possible to en-
code “critical” structural patterns of data sets consisting of
compounds with common molecular scaffolds as well as very
diverse structures. Specifically, non-stochastic quadratic in-
dices were defined upon the basis of linear algebra theory by
one of the present authors, as the first descriptors family im-
plemented in the TOMOCOMD-CARDD software [20]. These
fingerprints have been successfully used in the generation of
quantitative structure–activity relationships (QSAR) to predict
physical and pharmacological properties of organic compounds
[9,20,22,24–27]. In this context, biological properties like anti-
bacterial [25], trichomonacidal [26] and trypanocidal activities
[27] have been successfully studied. In an earlier publication,
an overview of the significance of these TOMOCOMD descrip-
tors and a comparison whit other molecular indices have been
presented [22].

With the aim of extending the application field of the TO-
MOCOMD-CARDD method, the present study is intended to
develop quantitative models to discriminate antimalarial com-
pounds from inactive ones using, in a comparative way, four
families of atomic labels. It is also an objective of the present
report to conduct exercises of virtual screening for antimalar-
ials of known activity as well as for compounds for which the
activity of interest has been left undetected so far. Both experi-
ments can be considered as part of the external validation pro-
cess. Results of virtual evaluation and in vitro antimalarial ac-
tivity of 17 already synthesized homocyclic and heterocyclic
compounds will be presented.

2. Materials and methods

2.1. Computational approach

Calculations were carried out on a PC Pentium-4 2.0 GHz.
The CARDD module implemented in the TOMOCOMD soft-
ware [17] was used to calculate total and local non-stochastic
quadratic indices for the data set of organic molecules reported
by R. Gozalbes et al. [7]. Weighting schemes depicted in Ta-
ble 1 were used as atomic labels (molecular vector’s compo-
nents) [18,19].

We calculated kth non-stochastic total quadratic indices qk(x)
and qk

H(x) (without and with consideration of H atoms, respec-
tively) as quadratic forms as follows:

qkðxÞ ¼ ∑
n

i¼1
∑
n

j¼1

kaijxixj

where n is the number of atoms in the molecule; x1,…,xn are
the coordinates or components of the “molecular vector” (X)
(which can be seen as weights for each kind of atom in the

molecule), and kaij are the elements of the kth power of the
symmetric square matrix M(G) of the molecular pseudograph
(G). This matrix is constructed following the spirit of an “ex-
tended Hückel” molecular orbital model and encloses informa-
tion of all valence-bond electrons (σ- and π-networks). For
powers greater than 1, the electronic interaction through the
chemical network is also taken into account [20].

kth local quadratic indices of heteroatoms (S,N,O) [qkL(xE)
and qkL

H(xE)], hydrogen bonded to heteroatoms (S,N,O) [qkL
(xE-H)] and halogens [qkL(xH)], as fragments [20], were calcu-
lated as:

qkLðxÞ ¼ ∑
n

i¼1
∑
n

j¼1

kaijLxixj

where kaijL is the element of the “i” row and “j” column of M
k
L. Matrix Mk encodes information of the selected fragment as
well as of the molecular environment.

2.2. Statistical analysis

Linear discriminant analysis (LDA) was performed with the
STATISTICA 5.5 package for Windows [28]. Forward step-
wise procedure was used for variable selection [28]. Quantita-
tive models with the following form were obtained:

P ¼ a0q0ðxÞ þ a1q1ðxÞ þ :::þ anqnðxÞ þ anþ1q0LðxÞ
þ anþ2q1LðxÞ þ :::þ amqmLðxÞ

where P is the biological property, qn(x), the n
th total quadratic

index, qmL(x), the m
th local quadratic index and an ′s and am ′s,

the coefficients obtained by LDA. The antimalarial activity
was coded by a dummy variable “Class”, which indicates the
presence of either an active compound (Class = 1) or an inac-
tive one (Class = –1). The classification of all cases was per-

Table 1
Values of the atomic weights used for quadratic index calculation

ID Atomic
mass

VdWa volume Polarizability Pauling
electronegativity

H 1.01 6.709 0.667 2.20
B 10.81 17.875 3.030 2.04
C 12.01 22.449 1.760 2.55
N 14.01 15.599 1.100 3.04
O 16.00 11.494 0.802 3.44
F 19.00 9.203 0.557 3.98
Al 26.98 36.511 6.800 1.61
Si 28.09 31.976 5.380 1.9
P 30.97 26.522 3.630 2.19
S 32.07 24.429 2.900 2.58
Cl 35.45 23.228 2.180 3.16
Fe 55.85 41.052 8.400 1.83
Co 58.93 35.041 7.500 1.88
Ni 58.69 17.157 6.800 1.91
Cu 63.55 11.494 6.100 1.90
Zn 65.39 38.351 7.100 1.65
Br 79.90 31.059 3.050 2.96
Sn 118.71 45.830 7.700 1.96
I 126.90 38.792 5.350 2.66
a VdW: van der Waals.
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