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Structure-Based Drug Discovery for Tropical Diseases

Rafael V. C. Guido and Glaucius Oliva*

Laboratério de Quimica Medicinal e Computacional, Centro de Biotecnologia Molecular Estrutural, Instituto de Fisica
de Sao Carlos, Universidade de S&o Paulo, Av. Trabalhador Sao—Carlense 400, 13560-70, Sdo Carlos -SP, Brazil

Abstract: Parasitic diseases are amongst the foremost threats to human health and welfare around the world. In tropical
and subtropical regions of the world, the consequences of parasitic infections are devastating both in terms of human
morbidity and mortality. The current available drugs are limited, ineffective, and require long treatment regimens. To
overcome these limitations, the identification of new macromolecular targets and small-molecule modulators is of utmost
importance. The advances in genomics and proteomics have prompted drug discovery to move toward more rational
strategies. The increasing understanding of the fundamental principles of protein-ligand interactions combined with the
availability of compound libraries has facilitated the identification of promising hits and the generation of high quality
lead compounds for tropical diseases. This review presents the current progresses and applications of structure-based drug
design (SBDD) for the discovery of innovative chemotherapy agents for a variety of parasitic diseases, highlighting the
challenges, limitations, and future perspectives in medicinal chemistry.
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INTRODUCTION

Infectious disease is one of the most serious global
problems and represents a major socio-economic challenge
facing humanity [1-4]. In fact, several infectious diseases are
amongst the top 20 leading causes of deaths in the world [5].
They are caused by pathogenic organisms such as bacteria,
viruses, fungi, or parasites that invade the host for repro-
duction. In developing countries the problem is aggravated
by the lack of well-established public health policies and the
failure in the implementation of sanitation programs. Parti-
cularly, this scenario contributes to the spread and preva-
lence of parasitic diseases.

The parasitic diseases are also known as tropical diseases
(or neglected diseases) and include illnesses such as malaria,
tuberculosis, African trypanosomiasis (sleeping sickness),
Chagas’ disease, dengue, leishmaniasis, schistosomiasis,
onchocerciasis and lymphatic filariasis. Endemic in many
developing countries, it is estimated that they affect about
one person in six in the world [6-8]. In spite of the alarming
health, economic, and social consequences of these parasitic
infections, the limited existing drug therapy suffers from a
combination of drawbacks including poor efficacy, resis-
tance, and serious side effects [7-9]. Therefore, there is an
urgent need for new, safe and effective drugs for human use.
Nevertheless, the low economic profile of the affected
developing countries is not sufficient to attract investments
to the discovery and development of new antiparasitic agents
[9]. Aiming at overcoming this limitation, new approaches to
strength drug discovery for tropical diseases have been
fomented. These include the publicly-funded sequencing of
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the genomes of several parasites and the establishment of
new public—private partnerships (PPPs) whose focus is spe-
cifically on tropical diseases [7-11].

The PPP initiative has been forging a close relationship
between the public-sector and the pharmaceutical companies.
Hence, a new scenario of drug discovery for tropical diseases
has emerged, including important pharmaceutical industries
such as Pfizer, Sanofi-Aventis, Bayer, Pharmacopeia and
Merck Serono. The role of these companies in the drug dis-
covery campaign involves: (i) compound supply for testing;
(ii) high-throughput screening (HTS) assays; (iii) medicinal
chemistry/pharmacokinetic development and (iv) training.
Simultaneously, several other large companies, such as
GlaxoSmithKline, Novartis, AstraZeneca and Eli Lilly, have
founded research institutes dedicated to research into tropical
diseases [7,10].

The PPPs are coordinated initiatives structured in line
with industry management practices and funded by national
governments and philanthropic institutions. They involve
multi-disciplinary networks of investigators in a venture
including industry, public-sector and academia from deve-
loped and developing countries that proved to be cost-
efficient vehicles for clinical-product development [11]. The
mission of these organizations relies on delivering effica-
cious and affordable drugs to the patients in developing
countries. In addition, the main goals include: (i) the deve-
lopment of new tools and methodologies for disease diag-
nosis and control; (ii) strength the research capabilities in
disease-endemic countries and (iii) technology transfer [8].
Examples of successful PPPs are the Medicines for Malaria
Venture (MMV) [12], the Institute for OneWorld Health
(iIOWH) [13], the Global Alliance for Tuberculosis Drug
Development (GATB) [14], the Drugs for Neglected
Diseases initiative (DNDi) [15] and the Special Programme
for Research and Training in Tropical Diseases (TDR) [16],
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which have favorably contributed to boost the discovery and
development of novel antiparasititc drugs.

STRATEGIES FOR DRUG DISCOVERY FOR
TROPICAL DISEASES

Due to the fact that antiparasitic drug discovery is not
primarily commercial-driven, other approaches to the deve-
lopment of novel drugs have been exploited (Table 1). Many
drugs currently indicated for the treatment of parasitic
infections were first developed for other diseases. This
approach, also known as label extension, has clear advan-
tages, including short term development time and cost redu-
ction. Since the drug was first investigated for other indi-
cation and is already approved for therapy, the medicine
shows acceptable pharmacokinetics and toxicity profile. In
contrast, some pharmaceutical companies, aware of the risk
of unexpected toxic effect, are reluctant in allowing further
investigation of their drugs for neglected diseases [9,11].

A similar approach that relies on already existing
medicines is drug combinations [9,11,17]. This strategy has
been very successful and continues to play an important role
in the drug development paradigm for parasitic diseases
[18,19]. For instance, drug combination therapy is employed
for the treatment of sleeping sickness (e.g., eflornithine and
melarsoprol) [20], schistosomiasis (e.g., praziquantel and
oxamniquine) [21] and malaria (e.g., sulphadoxine and
pyrimethamine) [22]. Improved efficacy associated with
lower cost and toxicity is usually observed in several combi-
nation regimens [17].

Although their notably importance for the treatment of
parasitic infections, combination strategies do not provide
the opportunity to identify new molecular entities with
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biological activity. Particularly, the discovery of novel anti-
infective compounds is important to overcome current
treatment limitations (e.g., high cost, drug resistance, loss of
efficacy, lack of selectivity and poor pharmacokinetic
profiles) [23-27]. A start point to tackle these issues is the
molecular manipulation of known drugs or active classes of
compound to generate new scaffolds with improved potency,
safety or straightforward synthesis. Currently, analogues of
existing antiparasitic drugs are under investigation for a
variety of neglected diseases [28-37].

An alternative approach based on known active com-
pounds classes is the piggy-back discovery [38]. Commonly,
the strategy is applied when active compounds developed for
other therapeutical indications are employed as good che-
mical starting points to design new drugs against molecular
targets from parasites. In this scenario, the lead compounds
are already developed in terms of medicinal chemistry, phar-
macokinetics, and toxic profile. Nevertheless, further stru-
cture-activity relationships (SAR) investigation is required to
generate clinical candidates with enhanced biological
properties towards the pathogenic organism (e.g., selec-
tivity). Notable successes have been achieved with this stra-
tegy, for instance, eflornithine (Ornidyl®, Sanofi-Aventis)
and miltefosine (Impavido®, Zentaris) were originally
developed for cancer and later used for African try-
panosomiasis and visceral leishmaniasis, respectively. Iver-
mectin (Stromectol®, Merck), first developed for dog
heartworm, was subsequently applied for human oncho-
cerciasis. More recently, inhibitors of cysteine protease and
protein farnesyl transferase, which were identified as
promising drugs for osteoporosis and cancer [38,39], have
been investigated for the chemotherapy of malaria and
trypanosomiasis [38,40].

Table 1.  Antiparasitic Drug Discovery Strategies Features
Impact Project risk Possibility Limitation Example Indication
Label extension
Short-term Low Reduction in co§t and Qompanles r.eluctar.]c.e.of Pafuramidine: miltefosine Sleeplng S|c.kn(.ess;
development time risk uncovering toxicities Leishmaniasis
Drug combination
Synergy, lower dose, . I N
Short-term Low ynergy - Development of resistance Eflornithine- melarsoprol Sleeping sickness
reduced toxicity
Piggy-back discovery
Homologous target has to . .
g. 9 . Screening of leads series of . .
S I be crucial to parasite ) . Malaria; Sleeping
. . Quick identification . . histone deacetylase; cysteine - )
Medium-term Medium . survival and being sickness; Chaga’s
of lead series; NCE . - protease; farnesyl transferase .
investigated for other S disease
S inhibitors
commercial indication
De novo discovery
. Malaria; Sleeping
Innovative drugs; new . . :
. . R HTS campaigns; lead sickness; Chagas
Long-term High targets; novel and Higher cost; attrition rate ] S .
identification disease;
affordable treatments . o
Leishmaniasis
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Advances in medicinal chemistry at the interface of
chemistry and biology have created an important foundation
in the search for new drug candidates that possess a com-
bination of optimized pharmacodynamic and pharma-
cokinetic properties [41]. In this regard, the most attractive
strategy for the development of clinically relevant agents for
the treatment of parasitic diseases is the de novo discovery
approach [9,11]. It is focused on the identification of new
chemical entities (NCE), both synthetic compounds and
natural products, against new validated molecular targets
from parasites. Owing to its intrinsic innovative nature, de
novo discovery strategy offers the opportunity to develop
active substances that match the desired profile for anti-
parasitic drugs, which includes: (i) low cost pharmaceuticals;
(ii) efficacy against drug-resistant strains; (iii) cure within a
reasonable time to ensure good compliance; (iv) safety; and
(v) appropriate formulations for oral administration [17].

The strategy involves target-based HTS and medium-
throughput screening (MTS) with in vitro assays against
biological relevant molecular receptor as well as whole
parasites. Moreover, sophisticated chemoinformatic metho-
dologies integrated to genomics, in silico screening, and
structural determination of the targets and their molecular
complex with small ligands are commonly applied in de
novo drug discovery.

Specific knowledge about ligand binding mode and
mechanism of action is of great importance to guide the
design of novel and relevant bioactive molecules. Thus, this
paper presents an overview of the structure-based drug
design (SBDD) approaches and recent advances for the
discovery and development of novel therapeutic agents
against tropical diseases.

MOLECULAR TARGETS FOR DRUG DESIGN

Several critical and unrelated macromolecules are
exploited as chemotherapeutic targets. In this regard, bio-
chemical pathways general to parasites but absent from
mammalian hosts have long been an attractive source of
molecular targets for anti-infective drug development
[23,27]. Additionally, biochemical peculiarities of the
parasites such as (i) turnover rates [42,43]; (ii) structure of
biological membranes [44-47]; (iii) cell signaling [48] and
(iv) protein expression and regulation [49] have also been
investigated as potential targets for drug intervention [50].

The knowledge of parasite biology as well as the availa-
bility of the whole genomes and proteomics provides a wide
range of novel targets for drug design [51-54]. The wealth of
information generated by these experiments has created the
need for robust and reliable data processing methods to
analyze and identify relevant molecular targets. This sce-
nario prompted the development of integrated approaches on
the basis of the knowledge from different disciplines such as
chemistry, biology and informatics. In this context, the che-
mogenomics is an attractive and useful strategy to define and
assess the chemical and biological space [55,56]. In order to
improve the efficiency of early-stage discovery and speeding
up the screening process, chemogenomics methods are
widely applied to assign priority to the most promising mole-
cular receptors for further investigation, thereby enabling
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potential targets to be selected before expensive and time-
consuming drug-screening and optimization studies are
undertaken [57].

Concomitantly, the evolution of structural biology and
computational methods has led to the determination of high-
resolution atomic structures of many relevant targets for
antiparasitic drug discovery projects. The TDR program of
the World Health Organization supports and manages a
network of academic and industrial centers that established a
portfolio of drug targets for tropical diseases using the
wealth of available genomics and proteomic information
[58].

Structural data of several important drug-metabolizing
enzymes is now available, which potentially enables the
structure-based rational optimization of potency, selectivity
and metabolism. However, the use of these data has not
delivered the predicted new generation of anti-infective
drugs yet. To tackle this problem, chemogenomics methods
applied to pathogenic organism are employed to assign
priority to targets not only on the biological relevance, but
also on the basis of their “druggability” profile (i.e., the
probability that the targets will bind to drug-like molecules)
[59]. Tables 2 and 3 show several essential parasite proteins
as molecular targets with available structural information
and their druggability index.

SBDD AND TROPICAL DISEASES

Structure-based approaches have become essential com-
ponents of modern medicinal chemistry [41]. Over the past
decade, high-performance computers, algorithms, methods
and expertise have evolved and transformed SBDD methods
in tools of large impact in drug discovery [60-62]. They
incorporate information from the target receptor, hence,
these knowledge-driven approaches require extensive
informations about the target topology under investigation
(e.g., X-ray or NMR structure, or robust homology
modeling) [63]. In this context, public databases such as the
Protein Data Bank (PDB) [64], InterPro [65-67], EXPASY
[68], and Relibase [69-71] are invaluable data sources to
retrieve and analyze 3D structures of target proteins.

The molecular recognition phenomenon relies on
properties and features of a binding pocket, which are
determined by the amino acids present in the binding cavity.
The spatial arrangement of the amino acids within the bin-
ding site specifies structural and physicochemical constraints
that must be met by any putative ligand. Therefore, a
detailed analysis of the stereo-electronic properties of the
target binding pocket provides useful insights into relevant
ligand-receptor interactions that can be optimized to enhance
the biological properties of lead compounds [41].

The SBBD produced several success stories and has been
continuously employed as an important tool to assist the
design of compounds for a variety of diseases and disorders
[72]. Particularly, investigations on novel anti-infective
compounds led to the identification and development of
distinct sets of available drugs, for instance, the anti-HIV
(e.g., saquinavir - Invirase®; ritonavir - Norvir®; nelfinavir -
Viracept®) and antiviral (oseltamivir - Tamiflu®; zanamivir -
Relenza®) agents.
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Table2. Druggability Index and 3D Structure Availability of Essential Drug Targets in Trypanosomatids

Organism Molecular Target Druggability Index* PDB Code
farnesyl pyrophosphate synthase 1.0 1YHK; 1YHL; 1YHM
trypanothione reductase 0.7 1A0G; 1BZL; 1GXF; INDA
glyceraldehyde 3-phosphate dehydrogenase 0.6 1K3T; 1ML3; 1QXS; 3DMT
cyclophilin 0.6 1X07
T. cruzi triosephosphate isomerase 0.6 1CI1; 1SUX; 1TCD
tryparedoxin peroxidase - 1UUL
cruzain ) 1AIM; 1IEWL; 1IEWM; 1IEWO 1EWP; 1F29;
1F2A; 1F2B; 1F2C; 1ME3; 1ME4; 2AIM
tyrosine aminotransferase - 1BWO
triosephosphate isomerase 0.8 1AMK; 11F2; 1N55; 1QDS
glyceraldehyde 3-phosphate dehydrogenase 0.8 1A7K; 1GYP; 1GYQ; 1132; 1133
pteridine reductase 1 0.7 1E7W; 1E92; 1P33; 1WO0C
cyclophilin 0.6 2HAQ
cysteine peptidase C 0.6 1BF7
cyclophilin a 0.6 2HAQ
L. major glucose-6-phosphate isomerase 0.2 1Q50; 1T10
fructose-1,6-bisphosphate aldolase 0.2 1EPX
adenine phosphoribosyltransferase 0.2 1MZzV; 1QB7; 1QB8; 1QCC; 1QCD
pyruvate Kinase 0.2 1PKL
coproporphyrinogen iii oxidase 0.2 JAVALY}
glycerol-3-phosphate dehydrogenase 0.2 1EVY; 1EVZ; 1JDJ; 1M66; 1M67; IN1E; IN1G
transketolase - 1R9J
prostaglandin f synthase 0.8 1VBJ
phosphoglycerate kinase 0.8 13PK; 16PK
glyceraldehyde 3-phosphate dehydrogenase, 0.8 1GGA
farnesyl pyrophosphate synthase 0.8 2EWG; 2119
1AG1; 1IDKW; 111G; 111H; 1KV5; 1ML1; 1IMSS;
T. brucei triosephosphate isomerase 0.6 1MTM; 1TPD; 1TPE; 1TPF; 1TRD; 1TRI; 1TSI;
1TTI ATTI; 3TIM; 4TIM; 5TIM; 6 TIM
6-phosphogluconate dehydrogenase 0.25 1PGJ
tryparedoxin - 1073
fructose-bisphosphate aldolase - 1F2)
enolase - 10EP

*The druggability index values range from 0 to 1, where a larger index score means a more likely to be druggable target. The druggability index is a composite score consisting of a

weighted normalised sum, where each of the different druggability prediction methods are given different weights depending on their relative contribution to prediction [58].
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Table3. Druggability Index and 3D Structure Availability of Essential Drug Targets in Plasmodium Falciparum
Organism Molecular Target Druggability Index* PDB Code
adenosine deaminase 1.0 2AMX; 2PGF; 2PGR; 2QVN
ribonucleotide reductase small subunit 1.0 201z; 2P1I
cell division control protein 2 homolog 0.9 1LCH; 10B3; 1V0B; 1V00; 1VOP
casein kinase 1 0.9 1LHX
glutathione reductase 0.9 10NF
NADP-specific glutamate dehydrogenase 0.8 2BMA
farnesyl pyrophosphate synthase 0.8 2IHI
adenylosuccinate synthetase 0.8 1P9B
multidrug resistance protein 2 0.7 2GHI
deoxyuridine 5'-triphosphate nucleotidohydrolase 0.6 1VYQ
triosephosphate isomerase 0.8 1LYX; 1LZ0; IM70; 1M7P; 105X;
1VGA; 1IWOA,; 1IWOB; 1YDV; 2FI6
ubiquitin-conjugating enzyme 0.28 2PWQ
P. falciparum glyceraldehyde-3-phosphate dehydrogenase 0.28 1YWG; 2B4R; 2B4T

nucleoside diphosphate kinase b 0.2 1X1Q
small GTPase Rab11 0.2 3BFK
dimethyladenosine transferase 0.2 2H1R
phosphoglycerate mutase 0.2 1XQ9

methyltransferase

protein-L-isoaspartate O-methyltransferase beta-aspartate

- 2PBF

2-Cys peroxiredoxin

- 2H01; 2H66; 2181

beta-hydroxyacyl-acp dehydratase precursor

- 176B; 1ZHG; 20KH; 20KI

fructose-bisphosphate aldolase

- 1A5C; 2EPH; 2PC4

ribosomal RNA methyltransferase - 2PLW

pyrroline carboxylate reductase - 2RCY
adenylosuccinate lyase - 2HVG; 2QGA

2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase - 3B6N

*The druggability index values range from 0 to 1, where a larger index score means a more likely to be druggable target. The druggability index is a composite score consisting of a
weighted normalised sum, where each of the different druggability prediction methods are given different weights depending on their relative contribution to prediction [58].

Experimental and computational structure-based methods
applied to tropical diseases contribute to shed some light on
both the understanding the biology of infectious organisms
and the enabling competence for rational drug design.
Additionally, the combination of these techniques is
expected to accelerate the process of hit identification, lead
optimization and NCE generation. The relevance of this stra-
tegy for the development of novel chemotherapeutic agents
against tropical diseases is highlighted by several successful
examples in the following sections.

TRYPANOSOMIASIS AND SBDD

Parasitic infections caused by trypanosomatids represent
several of the major neglected diseases, including leish-

maniasis, sleeping sickness (human African trypanosomiasis,
HAT) and Chagas’ disease (American trypanosomiasis). The
causative agents of these illnesses are Leishmania ssp.,
Trypanosoma brucei ssp. and Trypanosoma cruzi, respec-
tively. They occur in both tropical and subtropical regions
worldwide and affect about 30 million people with another
400 million living in high-risk areas [73-75]. All existing
therapeutic treatments have inadequate efficacy and unac-
ceptable toxicity profiles.

Several different classes of compounds were approved
for the treatment of leishmaniasis (Fig. 1) [19]. Since the
1940s the basis of antileishmanial chemotherapy consist of
pentavalent antimonial drugs (e.g., meglumine antimoniate
and sodium stibogluconate), however, these agents require a
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Fig. (1). Molecular structure of approved drugs for trypanosomiasis.
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long course of parenteral administration, and many cases of
lack of efficacy were reported [19,23]. Amphotericin B has
been used as an alternative therapeutic option, nonetheless, it
must also be administered parenterally, and causes serious
toxic effects (e.g., nephrotoxicity). To circumvent this issue,
novel formulation approaches such as drug liposome encap-
sulation were developed. This new presentation is much less
toxic than the standard one, however, it is very expensive to
be used for routine antileishmanial chemotherapy in the
developing world. More recently, miltefosine, the first oral
drug for the treatment of visceral leishmaniasis was regis-
tered. Unfortunately, the drug shows severe gastrointestinal
side effects and must be given over a long course of treat-
ment [76].

The current therapeutic arsenal for sleeping sickness
mainly consists of three drugs, which were introduced more
than half a century ago (suramin, pentamidine and melar-
soprol) and one more recently registered (eflornithine) (Fig.
1). Suramin and pentamidine are only active in the first stage
of the disease when the parasites reside in the bloodstream
and lymphatic system. Alternatively, melarsoprol and eflor-
nithine are used for the treatment of sleeping sickness when
the parasites have established themselves in the central
nervous system (late-stage). Unfortunately, a significant
number of patients with secondary-stage sleeping sickness
show resistance to melarsoprol, whilst eflornithine is
ineffective against T. brucei rhodesiense (prevalent in
eastern and southern African countries) and only used to
treat the disease caused by T. brucei gambiense (prevalent in
western African countries) [19,23].

One hundred years have passed since the discovery of
Chagas’ disease [77], however, the only clinically available
alternatives for the chemotherapy are nifurtimox and benz-
nidazol (Fig. 1). Both compounds have serious side effects
and are active only in the acute phase of the disease. In
addition, their usefulness in the intermediate and late chronic
stage of the infection is highly questionable [78].

As stated above, the identification of new macro-
molecular targets and small-molecule modulators is of
utmost importance for the development of novel and effe-
ctive anti-trypanosomatids agents. Thus, a brief review of the
recent discoveries based on SBDD approaches for trypano-
somiasis is presented in the following sections.

Pteridine Reductase Inhibitors

Enzymes involved in the provision and use of reduced
folate cofactors such as dihydrofolate reductase (DHFR, EC
1.5.1.3) and thymidylate synthase (TS, EC 2.1.1.45) are
suitable drug targets for the treatment of several diseases
(e.g, bacterial infections, cancer, and malaria). Inhibition of
DHFR or TS reduces the cellular pool of 2’-deoxythymidine-
5’-monophosphate, impairing DNA replication and resulting
in cell death [79,80]. Since trypanosomatids are auxotrophic
for folates, the inhibition of the enzymes is expected to kill
the parasites. However, these organisms also have the pteri-
dine reductase enzyme (PTR1, EC 1.5.1.33), essential for
salvage of pterins by parasitic trypanosomatids that shows a
broad range of activity catalyzing successive reductions of
conjugated (folate) and unconjugated (biopterin) pterins. In
the presence of DHFR-TS inhibitors, PTR1 is overexpressed
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in trypanosomatids leading to sub-optimal concentration of
the inhibitors to ensure parasite death [81,82]. This
biological mechanism of resistance suggests that inhibition
of both DHFR and PTR1 could be useful for the treatment of
trypanosomatids infections.

To confirm this assumption, a database of 440 synthetic
folate-like compounds was analyzed aiming at identifying
new inhibitors of both enzymes [83]. A series of physico-
chemical- and pharmacokinetic-based filters was applied to
the database retrieving 131 molecules that fit the selection
criteria. The inhibitory activity of the compounds were
assessed against a panel of folate-dependent enzymes,
including DHFR/TS from L. major, and PTR1 from L. major
and T. cruzi. Additionally, inhibition data of DHFR/TS
human homologues were used to estimate the toxicity and
selectivity of the compounds. The biological assays
identified 9 selective and potent compounds against the
parasite enzymes. Compound (1) was the best inhibitor of
LmPTR1 and LmDHFR (K; value of 0.1 uM and 4 uM,
respectively) and one of the most selective inhibitors in the
series (Fig. 2A). Crystallographic assays were undertaken to
shed light on the molecular mechanism and binding mode of
the lead compound. The ternary complex LmPTR1-
NADPH-1 analysis revealed that the inhibitor adopts a sub-
strate-like orientation (Fig. 2B). Based on this finding, a
similarity search was conducted to retrieve new potential
inhibitors from the library. This procedure identified 4 com-
pounds which were tested against LmPTR1 and human
DHFR. The best analogue, compound (2), a methylated
derivative of (1) (Fig. 2A), exhibited K; values of 0.037 and
0.820 uM against LmPTR1 and human DHFR, respectively.
Further crystallographic studies revealed that compound (2)
orientates the methyl group toward a small hydrophobic
pocket within the catalytic site (Leu226 and Leu229, Fig.
2B) which favorably contribute to the inhibitory activity.

Subsequently, in vitro assays against the whole L. major
and T. cruzi parasites were carried out. The inhibitors
showed poor efficacy when tested independently, however,
when used in combination with known DHFR inhibitors, a
synergic and deleterious effect to parasites was observed.
These results indicate that essential biochemical processes
for parasite viability were targeted and corroborated the pre-
vious assumptions. Furthermore, these findings provide an
alternative therapeutic approach against trypanosomatids.

Cruzain inhibitors

Cysteine proteases are widespread in nature [84]. Their
implication in numerous vital processes of several parasitic
protozoa makes them highly attractive targets for drug
design [85,86]. Cruzain (EC 3.4.22), the major cysteine
protease of T. cruzi, plays a pivotal role during the infection
of host cells, replication, and metabolism, and has been
extensively investigated as an attractive target for the
development of a new generation of antitrypanosomal agents
[87-96]. Indeed, cruzain inhibitors are amongst the most
advanced compounds in the drug development pipeline for
Chagas’ disease. For instance, K11777, a dipeptidyl vinyl
sulfone derivative (Fig. 3), is currently in preclinical trials
[96,97].
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2QHX). The protein is indicated as cartoon and the binding site residues as ball-and-stick model. The ligand and cofactor molecules are

represented as stick model and hydrogen-bond as broken lines.

Aiming at developing nonpeptidic inhibitors of cruzain
with improved biological activity and pharmacokinetic pro-
perties, an alternative approach based on substrate activity
screening (SAS) was employed to screen a library of pro-
tease triazole-based substrates [98]. The SAS method con-
sists of three main steps: (i) the identification of nonpeptidic
substrate; (ii) substrate optimization and (iii) conversion of
optimal substrates to inhibitors [99]. The first step of the
procedure identified compounds (3) and (4) as potential hits
in the focused library (Fig. 3). Subsequently, a series of
iterative cycles of organic synthesis and biological eva-
luation was carried out to enhance the cleavage efficiency.
The optimization step was guided by molecular modeling
based on the structure of a closely related ketone triazole
analogue in complex with cathepsin S. Significant structural
differences in the S3 pockets of the enzymes allow the
design of cruzain-specific substrate incorporating planar
heterocycles in place of the phenyl ring of the benzamide
moiety (i.e., cruzain S3 pocket is larger and hydrophobic)
(Fig. 3). The most promising substrates synthesized were the
quinoline and benzothiazole derivatives (compounds (5) and
(6), respectively) with 7-9 fold improvement in cleavage
efficiency related to compound (3) (Fig. 3). The structure-
based studies also indicated that the benzamide carbonyl of
the substrate is solvent exposed and therefore, could be
replaced. Based on this hypothesis, amine and amide deri-
vatives were obtained and assessed. The enzymatic assay
confirmed the modeling hypothesis and identified the
quinoline amine (7) and benzothiazole amine derivatives (8)
as the most potent substrate with cleavage efficiency 19-fold
greater than the unsubstituted benzamide (3) (Fig. 3).

Since potent and promising substrates were obtained, the
final step of the SAS method was initiated. The strategy to
convert substrates into cruzain inhibitors was based on the
replacement of the aminocoumarin group with several

mechanism-based pharmacophores (e.g., vinyl sulfone (9), B-
chloro vinyl sulfone (10), acyloxymethyl ketone (11) and
aryloxymethyl ketone (12)) (Fig. 3). Time-dependency
assays revealed that compounds (11) and (12) were authentic
irreversible inactivators of cruzain with excellent inhibitory
acitvity [98]. Then, cell culture assays were employed to
evaluate the inhibitors effectiveness in eliminating T. cruzi
infection. On one hand, the experiment revealed that
compound (11) significantly delayed T. cruzi intracellular
replication at 5 uM (trypanostatic agent), however, it showed
toxic effects at this concentration. On the other hand,
compound (12) was trypanocidal at 10 uM and had comp-
letely eradicated the T. cruzi parasite from the infected cells
[98]. The biological properties of (12) are similar to the most
advanced cruzain inhibitor (K11777, 100% inhibition of
intracellular growth of T. cruzi amastigotes at 20 pM; oral
bioavailability ~ 20%) [95,97], suggesting that this molecule
is a potential lead compound for the development of a new
generation of nonpeptidic inhibitors as antitrypanosomal
agents [98].

Phosphofructokinase and Pyruvate Kinase Inhibitors

The glycolytic pathway of trypanosomatids has been
investigated as a promising biochemical target for drug inter-
vention [27]. The bloodstream form of trypanosomatids has
no functional tricarboxylic acid cycle and is highly depen-
dent on glycolysis for ATP production [100,101]. Addi-
tionally, the parasite enzymes within the pathway possess
significant structural differences with respect to the human
homologues. Therefore, the vital dependence on glycolysis
as the main source of energy for the parasites, combined to
distinct molecular properties when compared with their
human counterparts makes the glycolytic enzymes attractive
targets for drug design. Structure- and ligand-based approa-
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Fig. (3). Substrate activity screening (SAS) approach and molecular structure of the most promising compounds identified in each step. Insert,
predicted binding mode of a ketone triazole analogue (orange) within cruzain binding site (PDB ID, 1F2C). The protein Connolly surface is
indicated with protein atoms colored according to the physicochemical property (hydrophobic atom in pale yellow; positively charged atom in
blue; negatively charge atom in red, polar nitrogen atom in light blue, polar oxygen atom in light red, and sulfur atom in yellow).
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Fig. (4). Upper panel. Crystallographic structures of PFK (PDB ID,
related biological properties.

ches on enzymes of the carbohydrate metabolism pathway
have identified several promising inhibitors, as well as shed
light on the structural basis for selective inhibition [102-
117].

Phosphofructokinase (PFK, EC 2.7.1.11) and pyruvate
kinase (PyK, EC 2.7.1.40) (Fig. 4) play important role in
trypanosomatids glycolytic flux and were explored as mole-
cular target for the development of trypanocidal agents
[118]. Previously, pioneering Kinetic and inhibition studies
conducted on T. brucei PFK (TbPFK) substrate analogues
have identified a nonphosphorylated mannitol derivative
((13), ICsp = 1,100 uM) as an interesting starting point for
inhibitor design [119] (Fig. 4). Due to the structural
similarities between fructose 6-phosphate (F6P) and fructose
2,6-bisphosphate  (F2,6BP), respectively substrate and
allosteric regulators of PFK and PyK, L. mexicana PyK
(LmPyK) was also included in the inhibition assays.
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Aiming at exploring the SAR within this series, a focused
library of amine derivatives of (13) was synthesized and
evaluated against TbPFK and LmPyK. On one hand,
compound (14), bearing a 3,4-dichlorobenzyl substituent,
was the most potent inhibitor against TOPFK (ICsq = 410
uM). On the other hand, compound (15), a cycloheptyl
mannitol derivative, exhibited good inhibitory activity
against LmPyK (ICsq = 71 puM) (Fig. 4). These findings
prompted further investigation on the inhibitor scaffold that
explored the chemical diversity of mannonamide derivatives.
Significant improvements in potency against TbPFK was
observed when the 3,4-dichlorobenzamide substituent was
obtained ((16), 1Cso = 23 pM). Similarly, the addition of a
cycloheptyl-amide moiety to (15) led to some enhancement
in the inhibitory activity against LmPyK ((17), LmPyK ICg
=26 uM) (Fig. 4).

Molecular docking studies were undertaken with both
enzymes to elucidate the structural determinants underlying
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the biological properties within this series. Regarding
TbPFK, the model indicated that the increase in potency
observed for (16) could be explained by hydrogen-bonds and
hydrophobic interactions between the 3,4-dichlorobenzamide
substituent and the aminoacid residues within active site.
Comparable results were obtained when (17) had been
modeled within LmPyK binding pocket. The enhanced
potency might be due to the increase in hydrophobic bulk.
Therefore, the molecular models correlate well with SAR
data and provide a reasonable explanation for the observed
biological activities.

Since in vitro activity evidences are desirable to help
with subsequent lead identification and modification,
inhibitory evaluation against the whole parasite was carried
out to confirm the biological activity of the designed
inhibitors. The biological assay against T. brucei revealed
that the inhibitors exhibit some modest activity against the
cultured parasite (compound (16) was the most potent
inhibitor with EDsq value of 30 uM) [118].

In summary, this work highlights the first steps in drug
design for parasitic diseases which involved (i) the optimi-
zation of a series of previously identified inhibitor; (ii)
structural insights into the inhibitor binding mode through
molecular modeling studies and (iii) preliminary in vivo
activity evaluation.

J\/\/ K HO
HN N
m
=
cl N

chloroquine

o8

lumefantrine

HO

Iz
(@]

= [¢]
N CF, H,N ~
CF,4
mefloquine sulfadoxine
Q.0 “ NH
\ 7/ 2
S
/©/ \©\ | NN
/)\
H,N NH, N NH,
dapsone pyrimethamine

d . | cl
A /©/II\N o~
o H

Guido and Oliva

MALARIA AND SBBD

Malaria is spread over 90 countries worldwide and is
responsible for approximately 300 million acute cases each
year, with 1.5 to 2.0 million fatalities. Nearly 90% of the
deaths occur in sub-Saharan African regions. The protozoan
Plasmodium falciparum is the etiological agent of the most
severe and life-threatening form of disease [120].

The emergence of resistance to the current most afford-
able drugs, such as chloroquine, mefloquine and sulfado-
xine-pyrimethamine (Fig. 5), represents a major problem for
malaria control. Accordingly, many countries must consider
alternative approaches to slow the development of resistance,
for instance, artemisinins analogues or drug combinations
(e.g., atovaquone-proguanil, amodiaquine-artesunate). Fig.
(5) shows the molecular structures of the current available
drugs for malaria. However, these therapeutical choices
show serious cost limitations for patients from developing
countries, particularly in Africa. Moreover, various anti-
malarial drugs in current usage are chemically related or
show similar mode of action, possibly sharing resistance
mechanisms, which increases the risk of cross-resistance and
clinical failure of newly introduced therapies [121].

The continuously increasing resistance of the vector
toward insecticides as well as the emergence of multidrug-
resistant parasites greatly necessitates the development of
new anti-infective agents that have either a novel binding
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Fig. (5). Molecular structure of approved drugs for malaria. Combinations of theses drugs potentially offer a number of important advantages
over monotherapies (e.g., sulfadoxine-pyrimethamine; atovaquone-proguanil; artesunate-mefloquine; amodiaquine-artesunate; mefloquine-
artesunate; chlorproguanil-dapsone-artesunate and lumefantrine-artemether).



Tropical diseases and Modern Drug Design

mode or a new mechanism of action, which is pivotal to
combat the most pernicious form of human malaria. Some
recent advances toward this goal are presented in the
following sections.

Farnesyltransferase inhibitors

Farnesyltransferase (PFT, EC 2.5.1.21) catalyzes the
transfer of the 15-carbon farnesyl group from farnesyl
pyrophosphate (FPP) to the cysteine residue in the C-
terminal motif CAAX (where C: cysteine, A: aliphatic amino
acid, X: serine or methionine). The enzyme is involved in
several intracellular signal transduction events and has been
extensively investigated for the development of novel
anticancer agents [122-124]. PFTs were also identified in
other eukaryotic organisms including the pathogenic
protozoa parasites [125-128]. Hence, inhibition of PFT was
suggested as an alternative strategy for the treatment of
parasitic infections. Previously, studies on PFT inhibitors
have identified and developed compounds with enhanced
medicinal chemistry and pharmacokinetics properties [38].
In this context, there has been considerable research into the
possible antimalarial activity of drugs designed for other
diseases (i.e., piggy-back approach) [129-133].

Aiming at discovering innovative non-thiol farnesyl-
transferase inhibitors, a ligand-based pharmacophore model
was employed to retrieve compounds with the desirable
features [134]. Peptidomimetic compounds with a benzo-
phenone core were identified as promising lead compounds.
Subsequently, several cycles of lead optimization led to
development of compounds with enhanced inhibitory
potency capable of suppressing the growth of the multiresis-
tant P. falciparum in the nanomolar range [135-139].
However, when tested against a murine malaria model the
inhibitors were inactive. The lack of in vivo activity was
speculated to be related to the solubility of the compounds.
Therefore, new cycles of organic synthesis were performed
to generate benzophenone derivatives with charged groups
[140].

Nitrogen-containing  heterocycles substituents were
selected to be replaced into the a-position of the phenyl-
acetamide moiety of the lead compound (18). This strategy
remarkably increased the inhibitor’ water solubility (from
<0.06 mM for phenylacetamide derivative (18) to >3.33 mM
for the piperazine analogue (19)) (Fig. 6). Based on its high
activity and relative structural simplicity, the inhibitor (19)
was selected as the new lead compound for further
optimization. Previously, investigation on benzophenone
derivatives has identified chlorine as an attractive substituent
to improve potency [137], thereby, the same approach was
carried out yielding compound (20) with slightly enhanced
potency with respect to the parent compound (19) (Fig. 6). In
order to gain further insights into the structural determinants
of the binding potency underlying this series, molecular
docking and homology model studies were undertaken. The
model indicated that the chlorine substituent in (20) was
orientated into a binding pocket close to the side chain of the
His149. Steric hindrance between the piperazinyl moiety and
some amino acid side chains of the active site might prevent
the chlorophenyl substituent to adopt the optimal
conformation to bind to the pocket, thereby reducing the

Current Topics in Medicinal Chemistry, 2009, Vol. 9, No.9 835

interaction between the chlorine and the side chain of the His
residue [140]. In light of this, two approaches were carried
out: (i) introduction of a methylene group between the a-
position and the phenyl moiety (com-pound (21), aiming at
improving the interaction between the chlorine substituent
and the side chain imidazole group; and (ii) replacement of
the piperazinyl moiety by an open chain ethylenediamine
substituent (compounds (22) and (23)), the enhanced
flexibility of this substituent would allow for both an optimal
chlorine—imidazole interaction as well as for an interaction
of the terminal amine with the amino acids in the upper part
of the binding site.

The inhibitory activity assays revealed that although
compound (21) was virtually equipotent against blood stages
of P. falciparum, it was approximately 30-fold less potent
than (20) in farnesyltransferase inhibition assays (Fig. 6). On
the other hand, the ethylenediamine derivatives (22) and (23)
displayed considerably improved in vitro activity with 1Csq
values of 32 and 30 nM, respectively, approximately 7-fold
more active than inhibitor (20) (Fig. 6). In addition, the
toxicity profiles of these compounds were assessed against
cultured parasites in comparison with a human cell line. The
inhibitors displayed significant selectivity towards malaria
parasites as well as lack of toxicity of therapeutic doses in
mice [140]. Accordingly, this is an important contribution
for the development of specific antimalarial farnesyltrans-
ferase inhibitors.

Enoyl-acyl Carrier Protein Reductase Inhibitors

Fatty acids play a pivotal role in providing metabolic pre-
cursors of biological membranes and represent an important
alternative source of energy supply [141]. Inhibition of the
fatty acid biosynthesis pathway has been considered an
attractive target for drug development [142,143]. Fatty acid
biosynthesis is an iterative process beginning with the
condensation of acetyl CoA with the growing fatty acid
chain. In P. falciparum the enoyl-acyl carrier protein reduc-
tase (PfENR, EC 1.3.1.9) is responsible for the final
enzymatic step in the elongation cycle: converting trans-2-
enoyl-ACP to acyl-ACP in a NADH-dependent reaction
[141,142]. The widely used antibiotic triclosan is a potent
inhibitor of PfENR and Plasmodium growth both in vitro
and in vivo [144]. Several efforts have been made to
optimized the PfENR inhibitory potency of triclosan, how-
ever, only modest inhibitors were developed (micromolar
range) [143,145].

With the goal of discovering novel scaffolds with
promising antiplasmodial activity, a structure-based virtual
screening approach was carried out with the X-ray of PfENR
in complex with triclosan [146]. The ICM molecular docking
program [147] was used to screen a drug-like enriched
database of 336,600 compounds from the ChemBridge
Express Library (San Diego, CA) against the crystal-
lographic structure of PfENR (PDB ID, 1INGH). The virtual
screening protocol consisted of several hierarchical steps
including (i) theoretical measurements of energy interaction;
(ii) similarity index; and (iii) ADME-Tox (absorption, distri-
bution, metabolism, excretion, and toxicity) properties
prediction (Fig. 7A). In the first selection step, putative
ligands that exhibited ICM scoring better than the cutoff
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Fig. (6). Benzophenone derivatives developed as potent inhibitor of P. falciparum farnesyltransferase. The P. falciparum Dd2 strain
(Pf_Dd2) is resistant to several commonly used antimalarial drugs (chloroquine, cycloguanil, and pyrimethamine).

value of -50 were selected (triclosan was employed as a
benchmark for hit scoring, yielding a score of -40).
Subsequently, a similarity cluster analysis was applied in
order to reduce the redundancy as well as increasing the
molecular diversity. Thus, similar compounds were
eliminated reducing the initial database to 750 entries. In a
final filtering step, the selected compounds were subjected to
a theoretical measure of ADME-Tox features to remove
compounds with predicted poor pharmacokinetic properties.
The remaining 169 candidate molecules were acquired and
biologically evaluated. The experimental screening assay
against the PfENR identified 16 hits that showed >45%
inhibitory activity at 50 uM. Those compounds were tested
in cell-based experiments with two P. falciparum strains
(e.g., Dd2 and 3D7). Three of them exhibited cell growth
inhibition in the micromolar range, the best inhibitor (24)
exhibited 1Cs, values of 6 uM and 5 pM (Dd2 and 3D7
strain, respectively) (Fig. 7B) [146].

This study was the first virtual screening strategy that has
been applied to a malarial target. The identified compounds
represent new leads, potentially suited for oral bioavaila-
bility, with inhibitory potency similar to triclosan. Sub-
sequent optimization processes aimed at optimal subs-
titutions with suitable chemical groups should be useful for
the design of new structurally related PfENR inhibitors with
improved in vivo potency as well as ADME properties.

OTHER RELEVANT TROPICAL DISEASES AND
SBDD

Drug discovery programs for other relevant tropical
diseases such as schistosomiasis, dengue, and onchocerciasis
are not worldwide extended or advanced as the research on
the diseases reviewed so far. Those diseases also represent
an enormous burden on developing countries, further aggra-
vated by the limited number of available drugs, mechanisms
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identified by virtual screening.

of drug action poorly understood, and lack of efficacy of the
therapeutical regimens. Hence, aiming at delivering new
drug candidates for the treatment of these illnesses, some
progress has been made in the identification of novel lead
compounds.

For instance, the enzyme purine nucleoside phos-
phorylase (SmPNP, EC 2.4.2.1) from Schistosoma mansoni,
the causative agent of schistosomiasis, was selected as a
molecular target for the identification and kinetic charac-
terization, including potency, affinity and mechanism of
action, of new inhibitors [148]. The 9-deazaguanines
derivatives were identified as competitive SmPNP inhibitors
that exhibited significant inhibitory and selective properties
(the best inhibitor (27) showed K; value in the low nano-
molar range) (Fig. 8A). Two of those inhibitors were co-
crystallized with SmPNP, providing important insights on the
intermolecular interactions responsible for affinity as well as
gathering structural information useful for medicinal
chemistry efforts in the design of new inhibitors with
increased biological properties. Regarding dengue, the
enzyme methyltransferase (EC 2.7.7.48) from the Flavivirus
was explored as a molecular target for a computational and
experimental approach involving (i) pharmacophore search;
(i) structure-based virtual screening; and (iii) experimental
testing. The strategy identified a novel scaffold, the

adamantane derivative (28), with 1Csq value of 60 uM (Fig.
8B) [149]. Concerning onchocerciasis, which is the world’s
second leading infectious cause of blindness and caused by
the filarial worm Onchocerca volvulus, the structure-based
development is very limited. There is only one crystal
structure with a bound inhibitor for application of structure-
based methods (Fig. 8C). The crystallographic data of the
major cytosolic glutathione S-transferase (GST, EC 2.5.1.18)
in complex with the competitive inhibitor S-hexylglutathione
provided structural insights on the substrate specificities and
highlighted chemical features of the binding site that can be
explored for the discovery and design of novel anti-filarial
compounds [150].

CONCLUSION

In medicinal chemistry and drug design programs, the
combination of innovative strategies based structural data
plays a central role on our increasing understanding of the
fundamental principles of protein-ligand interactions. Thus,
besides providing invaluable information about the spatial
arrangements of the target receptor, SBDD methods allow
the investigation of intermolecular interactions underlying
molecular recognition mechanisms and biological activity. In
this scenario, the integration of experimental and compu-
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Fig. (8). Identified inhibitors of (A) SmPNP and (B) Flavivirus MTase. (C) Crystallographic structures of GST from O. volvulus in complex
with the competitive inhibitor S-hexylglutathione (PDB ID, 1TU8). The protein is indicated as cartoon and the binding site residues as ball-
and-stick model. The ligand is represented as stick model and hydrogen-bond as broken lines.

tational approaches is an important component of modern
drug discovery campaigns that possess the potential to boost
the early phases of drug research, particularly in terms of
time and cost savings. This is the major motivation for the
partnerships between the public and private sectors which
have remarkably promoted the drug research programs for
several tropical diseases. They are stimulating the identi-
fication of promising hits, the generation of high quality
leads as well as encouraging the successes of moving drug
candidates into clinical trials.

In summary, SBBD methods have a great impact on the
discovery of new lead compounds for several parasite
infections. Very promising enzyme inhibitors were identified
and optimized based on iterative cycles of structure-based
approaches including biological testing, structure eluci-
dation, computer-aided drug design and synthesis. These
molecules represent new drug candidates with potent in vitro
and in vivo activity as well as some improved pharma-
cokinetic properties. Therefore, the next step in this research

activity aims to progress the drug candidates into the
development phase.

ACKNOWLEDGEMENTS

We gratefully acknowledge financial support from the
State of S&o Paulo Research Foundation (FAPESP, Fun-
daclo de Amparo & Pesquisa do Estado de S&o Paulo), and
the National Council for Scientific and Technological
Development (CNPq, Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnoldgico).

REFERENCES

[1] Molyneux, D. H. Control of human parasitic diseases: Context and
overview. Adv. Parasitol., 2006, 61, 1-45.

[2] Elliott, S. R.; Beeson, J. G. Estimating the burden of global
mortality in children aged <5 years by pathogen-specific causes.
Clin. Infect. Dis., 2008, 46, 1794-1795.

[3] Sanders, J. W.; Fuhrer, G. S.; Johnson, M. D.; Riddle, M. S. The
epidemiological transition: the current status of infectious diseases



http://www.ingentaconnect.com/content/external-references?article=1058-4838(2008)46L.1794[aid=8920555]
http://www.ingentaconnect.com/content/external-references?article=0065-308x(2006)61L.1[aid=8920556]

Tropical diseases and Modern Drug Design

[4]
(5]
(6]

(71
(8]

[°]

[10]

[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

in the developed world versus the developing world. Sci. Prog.,
2008, 91, 1-37.

WHO. In World Health Statistics, World Health Organization:

Geneva, Switzerland, 2008, pp. 1-112.

WHO. In The Global Burden of Disease: 2004 Update. World
Health Organization: Geneva, Switzerland, 2008, pp. 1-146.
Remme, J. H.; Blas, E.; Chitsulo, L.; Desjeux, P. M.; Engers, H.
D.; Kanyok, T. P.; Kengeya Kayondo, J. F.; Kioy, D. W.;
Kumaraswami, V.; Lazdins, J. K.; Nunn, P. P.; Oduola, A.; Ridley,
R. G.; Toure, Y. T.; Zicker, F.; Morel, C. M. Strategic emphases
for tropical diseases research: a TDR perspective. Trends
Parasitol., 2002, 18, 421-426.

Hopkins, A. L.; Witty, M. J.; Nwaka, S. Mission possible. Nature,
2007, 449, 166-169.

Nwaka, S.; Ridley, R. G. Virtual drug discovery and development
for neglected diseases through public-private partnerships. Nat.
Rev. Drug Discov., 2003, 2, 919-928. _
Pink, R.; Hudson, A.; Mouries, M. A.; Bendig, M. Opportunities
and challenges in antiparasitic drug discovery. Nat. Rev. Drug
Discov., 2005, 4, 727-740.

Matter, A.; Keller, T. H. Impact of non-profit organizations on drug
discovery: opportunities, gaps, solutions. Drug Discov. Today,
2008, 13, 347-352.

Nwaka, S.; Hudson, A. Innovative lead discovery strategies for
tropical diseases. Nat. Rev. Drug Discov., 2006, 5, 941-955.

MMV. Medicine for malaria venture. 2008 Available from:
http://www.mmv.org/

iOWH. Intitute for OneWorld Health. 2009 Available from:
http://www.oneworldhealth.org/

GATB. Global Alliance for Tuberculosis Drug Development. 2009
Available from: http://www.tballiance.org/

DNDi. Drugs for neglected diseases initiative. 2009 Available
from: http://www.dndi.org/

TDR. Special Programme for Research and Training in Tropical
Diseases. 2009 Available from: http://www.who.int/tdr/

Fidock, D. A.; Rosenthal, P. J.; Croft, S. L.; Brun, R.; Nwaka, S.
Antimalarial drug discovery: efficacy models for compound
screening. Nat. Rev. Drug Discov., 2004, 3, 509-520.

Abdulla, S.; Sagara, I.; Borrmann, S.; D'Alessandro, U.; Gonzalez,
R.; Hamel, M.; Ogutu, B.; Martensson, A.; Lyimo, J.; Maiga, H.;
Sasi, P.; Nahum, A.; Bassat, Q.; Juma, E.; Otieno, L.; Bjorkman,
A.; Beck, H. P.; Andriano, K.; Cousin, M.; Lefevre, G.; Ubben, D.;
Premji, Z. Efficacy and safety of artemether-lumefantrine
dispersible tablets compared with crushed commercial tablets in
African infants and children with uncomplicated malaria: a
randomised, single-blind, multicentre trial. Lancet, 2008, 372,
1819-1827.

Croft, S. L.; Barrett, M. P.; Urbina, J. A. Chemotherapy of
trypanosomiases and leishmaniasis. Trends Parasitol., 2005, 21,
508-512.

Mpia, B.; Pepin, J. Combination of eflornithine and melarsoprol for
melarsoprol-resistant Gambian trypanosomiasis. Trop. Med. Int.
Health, 2002, 7, 775-779.

Botros, S.; Soliman, A.; el-Gawhary, N.; Selim, M.; Guirguis, N.
Effect of combined low dose praziquantel and oxamniquine on
different stages of schistosome maturity. Trans. R Soc. Trop. Med.
Hyg., 1989, 83, 86-89.

Rosenthal, P. J. Antimalarial drug discovery: old and new
approaches. J. Exp. Biol., 2003, 206, 3735-3744.

Barrett, M. P.; Burchmore, R. J.; Stich, A.; Lazzari, J. O.; Frasch,
A. C.; Cazzulo, J. J.; Krishna, S. The trypanosomiases. Lancet,
2003, 362, 1469-1480.

de Francisco, A. Drug development for neglected diseases. Lancet,
2002, 360, 1102.

Gelb, M. H.; Hol, W. G. Parasitology. Drugs to combat tropical
protozoan parasites. Science, 2002, 297, 343-344.

Trouiller, P.; Olliaro, P.; Torreele, E.; Orbinski, J.; Laing, R.; Ford,
N. Drug development for neglected diseases: a deficient market and
a public-health policy failure. Lancet, 2002, 359, 2188-2194.
Verlinde, C. L.; Hannaert, V.; Blonski, C.; Willson, M.; Perie, J. J.;
Fothergill-Gilmore, L. A.; Opperdoes, F. R.; Gelb, M. H.; Hol, W.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Current Topics in Medicinal Chemistry, 2009, Vol. 9, No.9 839

G.; Michels, P. A. Glycolysis as a target for the design of new anti-
trypanosome drugs. Drug Resist. Updat., 2001, 4, 50-65.

Bakunov, S. A.; Bakunova, S. M.; Wenzler, T.; Barszcz, T.;
Werbovetz, K. A.; Brun, R.; Tidwell, R. R. Synthesis and
antiprotozoal activity of cationic 2-phenylbenzofurans. J. Med.
Chem., 2008, 51, 6927-6944.

Bakunova, S. M.; Bakunov, S. A.; Wenzler, T.; Barszcz, T.;
Werbovetz, K. A.; Brun, R.; Hall, J. E.; Tidwell, R. R. Synthesis
and in vitro antiprotozoal activity of bisbenzofuran cations. J. Med.
Chem., 2007, 50, 5807-5823.

Buschini, A.; Giordani, F.; de Albuquerque, C. N.; Pellacani, C.;
Pelosi, G.; Rossi, C.; Zucchi, T. M.; Poli, P. Trypanocidal
nitroimidazole derivatives: relationships among chemical structure
and genotoxic activity. Biochem. Pharmacol., 2007, 73, 1537-1547.
da Silva, C. F.; Batista, M. M.; Batista Dda, G.; de Souza, E. M.; da
Silva, P. B.; de Oliveira, G. M.; Meuser, A. S.; Shareef, A. R;;
Boykin, D. W.; Soeiro Mde, N. In vitro and in vivo studies of the
trypanocidal activity of a diarylthiophene diamidine against
Trypanosoma cruzi. Antimicrob. Agents Chemother., 2008, 52,
3307-3314.

Mital, A. Recent advances in antimalarial compounds and their
patents. Curr. Med. Chem., 2007, 14, 759-773.

Patrick, D. A.; Bakunov, S. A.; Bakunova, S. M.; Kumar, E. V;
Lombardy, R. J.; Jones, S. K.; Bridges, A. S.; Zhirnov, O.; Hall, J.
E.; Wenzler, T.; Brun, R.; Tidwell, R. R. Synthesis and in vitro
antiprotozoal activities of dicationic 3,5-diphenylisoxazoles. J.
Med. Chem., 2007, 50, 2468-2485. -
Rebollo, O.; del Olmo, E.; Ruiz, G.; Lopez-Perez, J. L.; Gimenez,
A.; San Feliciano, A. Leishmanicidal and trypanocidal activities of
2-aminocyclohexanol and 1,2-cyclohexanediamine derivatives.
Bioorg. Med. Chem. Lett., 2008, 18, 184-187.

Santos, A. R.; Falcao, C. A.; Muzitano, M. F.; Kaiser, C. R.; Rossi-
Bergmann, B.; Ferezou, J. P. lvermectin-derived leishmanicidal
compounds. Bioorg. Med. Chem., 2008.

Zhu, S.; Zhang, Q.; Gudise, C.; Meng, L.; Wei, L.; Smith, E,;
Kong, Y. Synthesis and evaluation of naphthyridine compounds as
antimalarial agents. Bioorg. Med. Chem. Lett., 2007, 17, 6101-
6106.

Ronketti, F.; Ramana, A. V.; Chao-Ming, X.; Pica-Mattoccia, L.;
Cioli, D.; Todd, M. H. Praziquantel derivatives I: Modification of
the aromatic ring. Bioorg. Med. Chem. Lett., 2007, 17, 4154-4157.
Gelb, M. H.; Van Voorhis, W. C.; Buckner, F. S.; Yokoyama, K.;
Eastman, R.; Carpenter, E. P.; Panethymitaki, C.; Brown, K. A;;
Smith, D. F. Protein farnesyl and N-myristoyl transferases: piggy-
back medicinal chemistry targets for the development of
antitrypanosomatid and antimalarial therapeutics. Mol. Biochem.
Parasitol., 2003, 126, 155-163.

Rotella, D. P. Osteoporosis: challenges and new opportunities for
therapy. Curr. Opin. Drug Discov. Dev., 2002, 5, 477-486.
Rosenthal, P. J.; Sijwali, P. S.; Singh, A.; Shenai, B. R. Cysteine
proteases of malaria parasites: targets for chemotherapy. Curr.
Pharm. Des., 2002, 8, 1659-1672. -
Guido, R. V.; Oliva, G.; Andricopulo, A. D. Virtual screening and
its integration with modern drug design technologies. Curr. Med.
Chem., 2008, 15, 37-46.

Caffrey, C. R.; Scory, S.; Steverding, D. Cysteine proteinases of
trypanosome parasites: novel targets for chemotherapy. Curr. Drug
Targets, 2000, 1, 155-162.

Muller, S.; Coombs, G. H.; Walter, R. D. Targeting polyamines of
parasitic protozoa in chemotherapy. Trends Parasitol., 2001, 17,
242-249.

Ali, B. R.; Pal, A.; Croft, S. L.; Taylor, R. J.; Field, M. C. The
farnesyltransferase inhibitor manumycin A is a novel trypanocide
with a complex mode of action including major effects on
mitochondria. Mol. Biochem. Parasitol., 1999, 104, 67-80.

Hasne, M. P.; Barrett, M. P. Transport of methionine in
Trypanosoma brucei brucei. Mol. Biochem. Parasitol., 2000, 111,
299-307.

Docampo, R. Recent developments in the chemotherapy of Chagas
disease. Curr. Pharm. Des., 2001, 7, 1157-1164.

Ferguson, M. A.; Brimacombe, J. S.; Brown, J. R.; Crossman, A.;
Dix, A.; Field, R. A.; Guther, M. L.; Milne, K. G.; Sharma, D. K.;



http://www.ingentaconnect.com/content/external-references?article=1381-6128(2001)7L.1157[aid=7104646]
http://www.ingentaconnect.com/content/external-references?article=0166-6851(2000)111L.299[aid=8920557]
http://www.ingentaconnect.com/content/external-references?article=0166-6851(2000)111L.299[aid=8920557]
http://www.ingentaconnect.com/content/external-references?article=0166-6851(1999)104L.67[aid=8920558]
http://www.ingentaconnect.com/content/external-references?article=1471-4922(2001)17L.242[aid=7689979]
http://www.ingentaconnect.com/content/external-references?article=1471-4922(2001)17L.242[aid=7689979]
http://www.ingentaconnect.com/content/external-references?article=1389-4501(2000)1L.155[aid=8920559]
http://www.ingentaconnect.com/content/external-references?article=1389-4501(2000)1L.155[aid=8920559]
http://www.ingentaconnect.com/content/external-references?article=0929-8673(2008)15L.37[aid=8920560]
http://www.ingentaconnect.com/content/external-references?article=0929-8673(2008)15L.37[aid=8920560]
http://www.ingentaconnect.com/content/external-references?article=1381-6128(2002)8L.1659[aid=6428926]
http://www.ingentaconnect.com/content/external-references?article=1381-6128(2002)8L.1659[aid=6428926]
http://www.ingentaconnect.com/content/external-references?article=1367-6733(2002)5L.477[aid=8920561]
http://www.ingentaconnect.com/content/external-references?article=0166-6851(2003)126L.155[aid=6428746]
http://www.ingentaconnect.com/content/external-references?article=0166-6851(2003)126L.155[aid=6428746]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2007)17L.4154[aid=8920562]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2007)17L.6101[aid=8920563]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2008)18L.184[aid=8920564]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.2468[aid=8920565]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.2468[aid=8920565]
http://www.ingentaconnect.com/content/external-references?article=0929-8673(2007)14L.759[aid=8144033]
http://www.ingentaconnect.com/content/external-references?article=0006-2952(2007)73L.1537[aid=8920566]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.5807[aid=8920567]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.5807[aid=8920567]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2008)51L.6927[aid=8920568]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2008)51L.6927[aid=8920568]
http://www.ingentaconnect.com/content/external-references?article=1368-7646(2001)4L.50[aid=8651847]
http://www.ingentaconnect.com/content/external-references?article=0140-6736(2002)359L.2188[aid=3019568]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2002)297L.343[aid=7689998]
http://www.ingentaconnect.com/content/external-references?article=0140-6736(2003)362L.1469[aid=6830454]
http://www.ingentaconnect.com/content/external-references?article=0140-6736(2003)362L.1469[aid=6830454]
http://www.ingentaconnect.com/content/external-references?article=0022-0949(2003)206L.3735[aid=6428880]
http://www.ingentaconnect.com/content/external-references?article=0035-9203(1989)83L.86[aid=8920570]
http://www.ingentaconnect.com/content/external-references?article=0035-9203(1989)83L.86[aid=8920570]
http://www.ingentaconnect.com/content/external-references?article=1360-2276(2002)7L.775[aid=8920571]
http://www.ingentaconnect.com/content/external-references?article=1360-2276(2002)7L.775[aid=8920571]
http://www.ingentaconnect.com/content/external-references?article=1471-4922(2005)21L.508[aid=8920572]
http://www.ingentaconnect.com/content/external-references?article=1471-4922(2005)21L.508[aid=8920572]
http://www.ingentaconnect.com/content/external-references?article=0140-6736(2008)372L.1819[aid=8920573]
http://www.ingentaconnect.com/content/external-references?article=0140-6736(2008)372L.1819[aid=8920573]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2004)3L.509[aid=6428881]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2006)5L.941[aid=8920574]
http://www.ingentaconnect.com/content/external-references?article=1359-6446(2008)13L.347[aid=8920575]
http://www.ingentaconnect.com/content/external-references?article=1359-6446(2008)13L.347[aid=8920575]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2005)4L.727[aid=7197603]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2005)4L.727[aid=7197603]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2003)2L.919[aid=8920576]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2003)2L.919[aid=8920576]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(2007)449L.166[aid=8233777]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(2007)449L.166[aid=8233777]
http://www.ingentaconnect.com/content/external-references?article=1471-4922(2002)18L.421[aid=8406615]
http://www.ingentaconnect.com/content/external-references?article=1471-4922(2002)18L.421[aid=8406615]
http://www.ingentaconnect.com/content/external-references?article=0036-8504(2008)91L.1[aid=8920577]
http://www.ingentaconnect.com/content/external-references?article=0036-8504(2008)91L.1[aid=8920577]
http://www.mmv.org/
http://www.oneworldhealth.org/
http://www.tballiance.org/
http://www.dndi.org/
http://www.who.int/tdr/

840 Current Topics in Medicinal Chemistry, 2009, Vol. 9, No. 9

[48]

[49]
[50]

[51]

[52]

[53]

[54]

Smith, T. K. The GPI biosynthetic pathway as a therapeutic target
for African sleeping sickness. Biochim. Biophys. Acta, 1999, 1455,
327-340.

Urbina, J. A. Lipid biosynthesis pathways as chemotherapeutic
targets in kinetoplastid parasites. Parasitology, 1997, 114 (Suppl),
S91-99.

Vanhamme, L.; Pays, E. Controls of the expression of the Vsg in
Trypanosoma brucei. Mol. Biochem. Parasitol., 1998, 91, 107-116.
Jana, S.; Paliwal, J. Novel molecular targets for antimalarial
chemotherapy. Int. J. Antimicrob. Agents, 2007, 30, 4-10.
Berriman, M.; Ghedin, E.; Hertz-Fowler, C.; Blandin, G.; Renauld,
H.; Bartholomeu, D. C.; Lennard, N. J.; Caler, E.; Hamlin, N. E.;
Haas, B.; Bohme, U.; Hannick, L.; Aslett, M. A.; Shallom, J.;
Marcello, L.; Hou, L.; Wickstead, B.; Alsmark, U. C.; Arrowsmith,
C.; Atkin, R. J.; Barron, A. J.; Bringaud, F.; Brooks, K.
Carrington, M.; Cherevach, I.; Chillingworth, T. J.; Churcher, C.;
Clark, L. N.; Corton, C. H.; Cronin, A.; Davies, R. M.; Doggett, J.;
Djikeng, A.; Feldblyum, T.; Field, M. C.; Fraser, A.; Goodhead, I.;
Hance, Z.; Harper, D.; Harris, B. R.; Hauser, H.; Hostetler, J.;
Ivens, A.; Jagels, K.; Johnson, D.; Johnson, J.; Jones, K.
Kerhornou, A. X.; Koo, H.; Larke, N.; Landfear, S.; Larkin, C.;
Leech, V.; Line, A.; Lord, A.; Macleod, A.; Mooney, P. J.; Moule,
S.; Martin, D. M.; Morgan, G. W.; Mungall, K.; Norbertczak, H.;
Ormond, D.; Pai, G.; Peacock, C. S.; Peterson, J.; Quail, M. A.;
Rabbinowitsch, E.; Rajandream, M. A.; Reitter, C.; Salzberg, S. L.;
Sanders, M.; Schobel, S.; Sharp, S.; Simmonds, M.; Simpson, A. J.;
Tallon, L.; Turner, C. M.; Tait, A.; Tivey, A. R.; Van Aken, S,;
Walker, D.; Wanless, D.; Wang, S.; White, B.; White, O.;
Whitehead, S.; Woodward, J.; Wortman, J.; Adams, M. D.;
Embley, T. M.; Gull, K.; Ullu, E.; Barry, J. D.; Fairlamb, A. H.;
Opperdoes, F.; Barrell, B. G.; Donelson, J. E.; Hall, N.; Fraser, C.
M., Melville, S.E.; El-Sayed, N.M. The genome of the African
trypanosome Trypanosoma brucei. Science, 2005, 309, 416-422.
El-Sayed, N. M.; Myler, P. J.; Blandin, G.; Berriman, M.; Crabtree,
J.; Aggarwal, G.; Caler, E.; Renauld, H.; Worthey, E. A.; Hertz-
Fowler, C.; Ghedin, E.; Peacock, C.; Bartholomeu, D. C.; Haas, B.
J.; Tran, A. N.; Wortman, J. R.; Alsmark, U. C.; Angiuoli, S.;
Anupama, A.; Badger, J.; Bringaud, F.; Cadag, E.; Carlton, J. M.;
Cerqueira, G. C.; Creasy, T.; Delcher, A. L.; Djikeng, A.; Embley,
T. M.; Hauser, C.; lvens, A. C.; Kummerfeld, S. K.; Pereira-Leal, J.
B.; Nilsson, D.; Peterson, J.; Salzberg, S. L.; Shallom, J.; Silva, J.
C.; Sundaram, J.; Westenberger, S.; White, O.; Melville, S. E,;
Donelson, J. E.; Andersson, B.; Stuart, K. D.; Hall, N. Comparative
genomics of trypanosomatid parasitic protozoa. Science, 2005, 309,
404-409.

Fan, E.; Baker, D.; Fields, S.; Gelb, M. H.; Buckner, F. S.; Van
Voorhis, W. C.; Phizicky, E.; Dumont, M.; Mehlin, C.; Grayhack,
E.; Sullivan, M.; Verlinde, C.; Detitta, G.; Meldrum, D. R.; Merritt,
E. A.; Earnest, T.; Soltis, M.; Zucker, F.; Myler, P. J.; Schoenfeld,
L.; Kim, D.; Worthey, L.; Lacount, D.; Vignali, M.; Li, J.; Mondal,
S.; Massey, A.; Carroll, B.; Gulde, S.; Luft, J.; Desoto, L.; Holl,
M.; Caruthers, J.; Bosch, J.; Robien, M.; Arakaki, T.; Holmes, M.;
Le Trong, I.; Hol, W. G. Structural genomics of pathogenic
protozoa: an overview. Methods Mol. Biol., 2008, 426, 497-513.
Ivens, A. C.; Peacock, C. S.; Worthey, E. A.; Murphy, L.
Aggarwal, G.; Berriman, M.; Sisk, E.; Rajandream, M. A.; Adlem,
E.; Aert, R.; Anupama, A.; Apostolou, Z.; Attipoe, P.; Bason, N.;
Bauser, C.; Beck, A.; Beverley, S. M.; Bianchettin, G.; Borzym,
K.; Bothe, G.; Bruschi, C. V.; Collins, M.; Cadag, E.; Ciarloni, L.;
Clayton, C.; Coulson, R. M.; Cronin, A.; Cruz, A. K.; Davies, R.
M.; De Gaudenzi, J.; Dobson, D. E.; Duesterhoeft, A.; Fazelina, G.;
Fosker, N.; Frasch, A. C.; Fraser, A.; Fuchs, M.; Gabel, C.; Goble,
A.; Goffeau, A.; Harris, D.; Hertz-Fowler, C.; Hilbert, H.; Horn,
D.; Huang, Y.; Klages, S.; Knights, A.; Kube, M.; Larke, N.;
Litvin, L.; Lord, A.; Louie, T.; Marra, M.; Masuy, D.; Matthews,
K.; Michaeli, S.; Mottram, J. C.; Muller-Auer, S.; Munden, H,;
Nelson, S.; Norbertczak, H.; Oliver, K.; O'Neil, S.; Pentony, M.;
Pohl, T. M.; Price, C.; Purnelle, B.; Quail, M. A.; Rabbinowitsch,
E.; Reinhardt, R.; Rieger, M.; Rinta, J.; Robben, J.; Robertson, L.;
Ruiz, J. C.; Rutter, S.; Saunders, D.; Schafer, M.; Schein, J;
Schwartz, D. C.; Seeger, K.; Seyler, A.; Sharp, S.; Shin, H.; Sivam,
D.; Squares, R.; Squares, S.; Tosato, V.; Vogt, C.; Volckaert, G.;

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Guido and Oliva

Wambutt, R.; Warren, T.; Wedler, H.; Woodward, J.; Zhou, S.;
Zimmermann, W.; Smith, D. F.; Blackwell, J. M.; Stuart, K. D.;
Barrell, B.; Myler, P.J. The genome of the kinetoplastid parasite,
Leishmania major. Science 2005, 309, 436-442.

Bredel, M.; Jacoby, E. Chemogenomics: an emerging strategy for
rapid target and drug discovery. Nat. Rev. Genet., 2004, 5, 262-275.
Harris, C. J.; Stevens, A. P. Chemogenomics: structuring the drug
discovery process to gene families. Drug Discov. Today, 2006, 11,
880-888.

Aguero, F.; Al-Lazikani, B.; Aslett, M.; Berriman, M.; Buckner, F.
S.; Campbell, R. K.; Carmona, S.; Carruthers, I. M.; Chan, A. W,;
Chen, F.; Crowther, G. J.; Doyle, M. A.; Hertz-Fowler, C.;
Hopkins, A. L.; McAllister, G.; Nwaka, S.; Overington, J. P.; Pain,
A.; Paolini, G. V.; Pieper, U.; Ralph, S. A.; Riechers, A.; Roos, D.
S.; Sali, A.; Shanmugam, D.; Suzuki, T.; Van Voorhis, W. C,;
Verlinde, C. L. Genomic-scale prioritization of drug targets: the
TDR Targets database. Nat. Rev. Drug Discov., 2008, 7, 900-907.
TDR. TDR target database. 2009 Awvailable from:
http://tdrtargets.org/

Payne, D. J.; Gwynn, M. N.; Holmes, D. J.; Pompliano, D. L.
Drugs for bad bugs: confronting the challenges of antibacterial
discovery. Nat. Rev. Drug Discov., 2007, 6, 29-40.

Davis, A. M.; St-Gallay, S. A.; Kleywegt, G. J. Limitations and
lessons in the use of X-ray structural information in drug design.
Drug Discov. Today, 2008, 13, 831-841.

Davis, A. M.; Teague, S. J.; Kleywegt, G. J. Application and
limitations of X-ray crystallographic data in structure-based ligand
and drug design. Angew. Chem. Int. Ed. Engl., 2003, 42, 2718-
2736.

Kitchen, D. B.; Decornez, H.; Furr, J. R.; Bajorath, J. Docking and
scoring in virtual screening for drug discovery: methods and
applications. Nat. Rev. Drug Discov., 2004, 3, 935-949.

Klebe, G. Virtual ligand screening: strategies, perspectives and
limitations. Drug Discov. Today, 2006, 11, 580-594.

Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.;
Weissig, H.; Shindyalov, I. N.; Bourne, P. E. The Protein Data
Bank. Nucleic Acids Res., 2000, 28, 235-242.

Mulder, N. J.; Apweiler, R.; Attwood, T. K.; Bairoch, A.; Bateman,
A.; Binns, D.; Bork, P.; Buillard, V.; Cerutti, L.; Copley, R.;
Courcelle, E.; Das, U.; Daugherty, L.; Dibley, M.; Finn, R,
Fleischmann, W.; Gough, J.; Haft, D.; Hulo, N.; Hunter, S.; Kahn,
D.; Kanapin, A.; Kejariwal, A.; Labarga, A.; Langendijk-
Genevaux, P. S.; Lonsdale, D.; Lopez, R.; Letunic, I.; Madera, M.;
Maslen, J.; McAnulla, C.; McDowall, J.; Mistry, J.; Mitchell, A.;
Nikolskaya, A. N.; Orchard, S.; Orengo, C.; Petryszak, R.;
Selengut, J. D.; Sigrist, C. J.; Thomas, P. D.; Valentin, F.; Wilson,
D.; Wu, C. H.; Yeats, C. New developments in the InterPro
database. Nucleic Acids Res., 2007, 35, D224-228.

Quevillon, E.; Silventoinen, V.; Pillai, S.; Harte, N.; Mulder, N.;
Apweiler, R.; Lopez, R. InterProScan: protein domains identifier.
Nucleic Acids Res., 2005, 33, W116-120.

Zdobnov, E. M.; Apweiler, R. InterProScan--an integration
platform for the signature-recognition methods in InterPro.
Bioinformatics, 2001, 17, 847-848.

Gasteiger, E.; Gattiker, A.; Hoogland, C.; lvanyi, I.; Appel, R. D,;
Bairoch, A. EXPASy: The proteomics server for in-depth protein
knowledge and analysis. Nucleic Acids Res., 2003, 31, 3784-3788.
Bergner, A.; Gunther, J.; Hendlich, M.; Klebe, G.; Verdonk, M.
Use of Relibase for retrieving complex three-dimensional
interaction patterns including crystallographic packing effects.
Biopolymers, 2001, 61, 99-110.

Gunther, J.; Bergner, A.; Hendlich, M.; Klebe, G. Utilising
structural knowledge in drug design strategies: applications using
Relibase. J. Mol. Biol., 2003, 326, 621-636.

Hendlich, M.; Bergner, A.; Gunther, J.; Klebe, G. Relibase: design
and development of a database for comprehensive analysis of
protein-ligand interactions. J. Mol. Biol., 2003, 326, 607-620.
Blundell, T. L.; Jhoti, H.; Abell, C. High-throughput crystallo-
graphy for lead discovery in drug design. Nat. Rev. Drug Discov.,
2002, 1, 45-54.

Desjeux, P. Leishmaniasis: current situation and new perspectives.
Comp. Immunol. Microbiol. Infect. Dis., 2004, 27, 305-318.



http://www.ingentaconnect.com/content/external-references?article=0147-9571(2004)27L.305[aid=7445182]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2002)1L.45[aid=7117372]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2002)1L.45[aid=7117372]
http://www.ingentaconnect.com/content/external-references?article=0022-2836(2003)326L.607[aid=7355521]
http://www.ingentaconnect.com/content/external-references?article=0022-2836(2003)326L.621[aid=8920578]
http://www.ingentaconnect.com/content/external-references?article=0006-3525(2001)61L.99[aid=7355522]
http://www.ingentaconnect.com/content/external-references?article=0305-1048(2003)31L.3784[aid=8920579]
http://www.ingentaconnect.com/content/external-references?article=1367-4803(2001)17L.847[aid=8920580]
http://www.ingentaconnect.com/content/external-references?article=0305-1048(2000)28L.235[aid=2897971]
http://www.ingentaconnect.com/content/external-references?article=1359-6446(2006)11L.580[aid=8027888]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2004)3L.935[aid=6811738]
http://www.ingentaconnect.com/content/external-references?article=0570-0833(2003)42L.2718[aid=6428762]
http://www.ingentaconnect.com/content/external-references?article=1359-6446(2008)13L.831[aid=8901741]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2007)6L.29[aid=7870933]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2008)7L.900[aid=8920581]
http://www.ingentaconnect.com/content/external-references?article=1359-6446(2006)11L.880[aid=8372649]
http://www.ingentaconnect.com/content/external-references?article=1359-6446(2006)11L.880[aid=8372649]
http://www.ingentaconnect.com/content/external-references?article=1471-0056(2004)5L.262[aid=6348586]
http://www.ingentaconnect.com/content/external-references?article=1064-3745(2008)426L.497[aid=8920582]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2005)309L.404[aid=8442356]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2005)309L.404[aid=8442356]
http://www.ingentaconnect.com/content/external-references?article=0924-8579(2007)30L.4[aid=8920583]
http://www.ingentaconnect.com/content/external-references?article=0006-3002(1999)1455L.327[aid=8920584]
http://www.ingentaconnect.com/content/external-references?article=0006-3002(1999)1455L.327[aid=8920584]
http://tdrtargets.org/

Tropical diseases and Modern Drug Design

[74]
[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

WHO. In Human African Trypanosomiasis (Sleeping Sickness):
Epidemiological Update, 2006, pp. 71-80.

WHO. In Control of Chagas Disease. World Health Organization:
Geneva, Switzerland, 2002, pp. 1-109.

Singh, S.; Sivakumar, R. Challenges and new discoveries in the
treatment of leishmaniasis. J. Infect. Chemother., 2004, 10, 307-
315.

Chagas, C. Nova trypanozomiase humana. Estudos sobre a
morfolojia e o ciclo evolutivo do Schizotrypanum cruzi n.g., n.s.p.,
ajente etioldjico de nova entidade mérbida no homem. Mem. Inst.
Oswaldo Cruz, 1909, 1, 159-218.

Apt, B. W.; Heitmann, G. I.; Jercic, L. M.; Jofre, M. L.; Munoz, C.
D. V. P.; Noemi, H. I.; San Martin, V. A.; Sapunar, P. J.; Torres, H.
M.; Zulantay, A. I. Guidelines for the Chagas disease: Part VI.
Antiparasitic treatment for Chagas disease. Rev. Chilena Infectol.,
2008, 25, 384-389.

Houghton, P. J.; Germain, G. S.; Hazelton, B. J.; Pennington, J. W.;
Houghton, J. A. Mutants of human colon adenocarcinoma, selected
for thymidylate synthase deficiency. Proc. Natl. Acad. Sci. USA,
1989, 86, 1377-1381.

Ingraham, H. A.; Dickey, L.; Goulian, M. DNA fragmentation and
cytotoxicity from increased cellular deoxyuridylate. Biochemistry,
1986, 25, 3225-3230.

Robello, C.; Navarro, P.; Castanys, S.; Gamarro, F. A pteridine
reductase gene ptrl contiguous to a P-glycoprotein confers
resistance to antifolates in Trypanosoma cruzi. Mol. Biochem.
Parasitol., 1997, 90, 525-535.

Senkovich, O.; Pal, B.; Schormann, N.; Chattopadhyay, D.
Trypanosoma cruzi genome encodes a pteridine reductase 2
protein. Mol. Biochem. Parasitol., 2003, 127, 89-92.

Cavazzuti, A.; Paglietti, G.; Hunter, W. N.; Gamarro, F.; Piras, S.;
Loriga, M.; Allecca, S.; Corona, P.; McLuskey, K.; Tulloch, L.;
Gibellini, F.; Ferrari, S.; Costi, M. P. Discovery of potent pteridine
reductase inhibitors to guide antiparasite drug development. Proc.
Natl. Acad. Sci. USA, 2008, 105, 1448-1453. -
Turk, B. Targeting proteases: successes, failures and future
prospects. Nat. Rev. Drug Discov., 2006, 5, 785-799.

Cazzulo, J. J.; Stoka, V.; Turk, V. Cruzipain, the major cysteine
proteinase from the protozoan parasite Trypanosoma cruzi. Biol.
Chem., 1997, 378, 1-10.

Sajid, M.; McKerrow, J. H. Cysteine proteases of parasitic
organisms. Mol. Biochem. Parasitol., 2002, 120, 1-21.

Gotz, M. G.; Caffrey, C. R.; Hansell, E.; McKerrow, J. H.; Powers,
J. C. Peptidyl allyl sulfones: a new class of inhibitors for clan CA
cysteine proteases. Bioorg. Med. Chem., 2004, 12, 5203-5211.
McKerrow, J. H.; Engel, J. C.; Caffrey, C. R. Cysteine protease
inhibitors as chemotherapy for parasitic infections. Bioorg. Med.
Chem., 1999, 7, 639-644.

McKerrow, J. H.; Rosenthal, P. J.; Swenerton, R.; Doyle, P.
Development of protease inhibitors for protozoan infections. Curr.
Opin. Infect. Dis., 2008, 21, 668-672. -
Guido, R. V.; Trossini, G. H.; Castilho, M. S.; Oliva, G.; Ferreira,
E. I.; Andricopulo, A. D. Structure-activity relationships for a class
of selective inhibitors of the major cysteine protease from
Trypanosoma cruzi. J. Enzyme Inhib. Med. Chem., 2008, 23, 964-
973.

Trossini, G. H.; Guido, R. V., Oliva, G.; Ferreira, E. I;
Andricopulo, A. D. Quantitative structure activity relationships for
a series of inhibitors of cruzain from Trypanosoma cruzi: molecular
modeling, COMFA and CoMSIA studies. J. Mol. Graph. Model.,
2009, 27, DOI1<10.1016/j.jmgm.2009.03.001>.

Polticelli, F.; Zaini, G.; Bolli, A.; Antonini, G.; Gradoni, L.;
Ascenzi, P. Probing the cruzain S2 recognition subsite: a Kinetic
and binding energy calculation study. Biochemistry, 2005, 44,

2781-2789.

Du, X.; Guo, C.; Hansell, E.; Doyle, P. S.; Caffrey, C. R.; Holler,
T. P.; McKerrow, J. H.; Cohen, F. E. Synthesis and structure-
activity  relationship study of potent trypanocidal thio
semicarbazone inhibitors of the trypanosomal cysteine protease
cruzain. J. Med. Chem., 2002, 45, 2695-2707.

Choe, Y.; Brinen, L. S.; Price, M. S.; Engel, J. C.; Lange, M;
Grisostomi, C.; Weston, S. G.; Pallai, P. V.; Cheng, H.; Hardy, L.

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Current Topics in Medicinal Chemistry, 2009, Vol. 9, No.9 841

W.; Hartsough, D. S.; McMakin, M.; Tilton, R. F.; Baldino, C. M.;
Craik, C. S. Development of alpha-keto-based inhibitors of cruzain,
a cysteine protease implicated in Chagas disease. Bioorg. Med.
Chem., 2005, 13, 2141-2156.

Engel, J. C.; Doyle, P. S.; Hsieh, I.; McKerrow J. H.. Cysteine
protease inhibitors cure an experimental Trypanosoma cruzi
infection. J. Exp. Med., 1998, 188, 725-734.

Doyle, P. S.; Zhou, Y. M.; Engel, J. C.; McKerrow, J. H. A
cysteine protease inhibitor cures Chagas' disease in an
immunodeficient-mouse model of infection. Antimicrob. Agents
Chemother., 2007, 51, 3932-3939.

Jacobsen, W.; Christians, U.; Benet, L. Z. In vitro evaluation of the
disposition of a novel cysteine protease inhibitor. Drug Metab.
Dispos., 2000, 28, 1343-1351.

Brak, K., Doyle, P. S.; McKerrow, J. H.; Ellman, J. A.
Identification of a new class of nonpeptidic inhibitors of cruzain. J.
Am. Chem. Soc., 2008, 130, 6404-6410. -
Patterson, A. W.; Wood, W. J.; Ellman, J. A. Substrate activity
screening (SAS): a general procedure for the preparation and
screening of a fragment-based non-peptidic protease substrate
library for inhibitor discovery. Nat. Protoc., 2007, 2, 424-433.
Bakker, B. M.; Mensonides, F. I.; Teusink, B.; van Hoek, P.;
Michels, P. A.; Westerhoff, H. V. Compartmentation protects
trypanosomes from the dangerous design of glycolysis. Proc. Natl.
Acad. Sci. USA, 2000, 97, 2087-2092.

Michels, P. A.; Hannaert, V.; Bringaud, F. Metabolic aspects of
glycosomes in trypanosomatidae - new data and views. Parasitol.
Today, 2000, 16, 482-489.

Aronov, A. M.; Verlinde, C. L.; Hol, W. G.; Gelb, M. H. Selective
tight binding inhibitors of trypanosomal glyceraldehyde-3-
phosphate dehydrogenase via structure-based drug design. J. Med.
Chem., 1998, 41, 4790-4799.

Espinoza-Fonseca, L. M.; Trujillo-Ferrara, J. G. Structural consi-
derations for the rational design of selective anti-trypanosomal
agents: the role of the aromatic clusters at the interface of
triosephosphate  isomerase dimer. Biochem. Biophys. Res.
Commun., 2005, 328, 922-928.

Guido, R. V.; Oliva, G.; Montanari, C. A.; Andricopulo, A. D.
Structural basis for selective inhibition of trypanosomatid
glyceraldehyde-3-phosphate dehydrogenase: molecular docking
and 3D QSAR studies. J. Chem. Inf. Model., 2008, 48, 918-929.
Guido, R. V. C.; Balliano, T. L.; Andricopulo, A. D.; Oliva, G.
Kinetic and crystallographic studies on glyceraldehyde-3—
phosphate dehydrogenase from Trypanosoma cruzi in complex
with iodoacetate. Lett. Drug Discov. Des., 2009, 6, 210-214.
Kennedy, K. J.; Bressi, J. C.; Gelb, M. H. A disubstituted NAD+
analogue is a nanomolar inhibitor of trypanosomal glyceraldehyde-
3-phosphate dehydrogenase. Bioorg. Med. Chem. Lett., 2001, 11,
95-98.

Kim, H.; Feil, 1. K.; Verlinde, C. L.; Petra, P. H.; Hol, W. G.
Crystal structure of glycosomal glyceraldehyde-3-phosphate
dehydrogenase from Leishmania mexicana: implications for
structure-based drug design and a new position for the inorganic
phosphate binding site. Biochemistry, 1995, 34, 14975-14986.
Pereira, J. M.; Severino, R. P.; Vieira, P. C.; Fernandes, J. B.; da
Silva, M. F.; Zottis, A.; Andricopulo, A. D.; Oliva, G.; Correa, A.
G. Anacardic acid derivatives as inhibitors of glyceraldehyde-3-
phosphate dehydrogenase from Trypanosoma cruzi. Bioorg. Med.
Chem., 2008, 16, 8889-8895.

Suresh, S.; Bressi, J. C.; Kennedy, K. J.; Verlinde, C. L.; Gelb, M.
H.; Hol, W. G. Conformational changes in Leishmania mexicana
glyceraldehyde-3-phosphate dehydrogenase induced by designed
inhibitors. J. Mol. Biol., 2001, 309, 423-435.

Verlinde, C. L.; Callens, M.; Van Calenbergh, S.; Van Aerschot,
A.; Herdewijn, P.; Hannaert, V.; Michels, P. A.; Opperdoes, F. R.;
Hol, W. G. Selective inhibition of trypanosomal glyceraldehyde-3-
phosphate dehydrogenase by protein structure-based design: toward
new drugs for the treatment of sleeping sickness. J. Med. Chem.,
1994, 37, 3605-3613.

Verlinde, C. L.; Rudenko, G.; Hol, W. G. In search of new lead
compounds for trypanosomiasis drug design: a protein structure-



http://www.ingentaconnect.com/content/external-references?article=0022-2623(1994)37L.3605[aid=8920585]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(1994)37L.3605[aid=8920585]
http://www.ingentaconnect.com/content/external-references?article=0022-2836(2001)309L.423[aid=8864033]
http://www.ingentaconnect.com/content/external-references?article=0006-2960(1995)34L.14975[aid=6428768]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2001)11L.95[aid=8864031]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2001)11L.95[aid=8864031]
http://www.ingentaconnect.com/content/external-references?article=1549-9596(2008)48L.918[aid=8920586]
http://www.ingentaconnect.com/content/external-references?article=0006-291x(2005)328L.922[aid=8920587]
http://www.ingentaconnect.com/content/external-references?article=0006-291x(2005)328L.922[aid=8920587]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(1998)41L.4790[aid=7104761]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(1998)41L.4790[aid=7104761]
http://www.ingentaconnect.com/content/external-references?article=0169-4758(2000)16L.482[aid=8920588]
http://www.ingentaconnect.com/content/external-references?article=0169-4758(2000)16L.482[aid=8920588]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(2000)97L.2087[aid=8920589]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(2000)97L.2087[aid=8920589]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2008)130L.6404[aid=8920590]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2008)130L.6404[aid=8920590]
http://www.ingentaconnect.com/content/external-references?article=0090-9556(2000)28L.1343[aid=6516900]
http://www.ingentaconnect.com/content/external-references?article=0090-9556(2000)28L.1343[aid=6516900]
http://www.ingentaconnect.com/content/external-references?article=0066-4804(2007)51L.3932[aid=8920591]
http://www.ingentaconnect.com/content/external-references?article=0066-4804(2007)51L.3932[aid=8920591]
http://www.ingentaconnect.com/content/external-references?article=0022-1007(1998)188L.725[aid=7197643]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(2005)13L.2141[aid=8920592]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(2005)13L.2141[aid=8920592]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2002)45L.2695[aid=6516894]
http://www.ingentaconnect.com/content/external-references?article=0006-2960(2005)44L.2781[aid=8920593]
http://www.ingentaconnect.com/content/external-references?article=0006-2960(2005)44L.2781[aid=8920593]
http://www.ingentaconnect.com/content/external-references?article=0951-7375(2008)21L.668[aid=8920594]
http://www.ingentaconnect.com/content/external-references?article=0951-7375(2008)21L.668[aid=8920594]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(1999)7L.639[aid=7060027]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(1999)7L.639[aid=7060027]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(2004)12L.5203[aid=8920595]
http://www.ingentaconnect.com/content/external-references?article=0166-6851(2002)120L.1[aid=8259473]
http://www.ingentaconnect.com/content/external-references?article=1474-1776(2006)5L.785[aid=7714360]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(2008)105L.1448[aid=8920596]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(2008)105L.1448[aid=8920596]
http://www.ingentaconnect.com/content/external-references?article=0166-6851(2003)127L.89[aid=8920597]
http://www.ingentaconnect.com/content/external-references?article=0006-2960(1986)25L.3225[aid=6424636]
http://www.ingentaconnect.com/content/external-references?article=0006-2960(1986)25L.3225[aid=6424636]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(1989)86L.1377[aid=8920598]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(1989)86L.1377[aid=8920598]
http://www.ingentaconnect.com/content/external-references?article=1341-321X(2004)10L.307[aid=7749467]

842 Current Topics in Medicinal Chemistry, 2009, Vol. 9, No. 9

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

based linked-fragment approach. J. Comput. Aided Mol. Des.,
1992, 6, 131-147.

Castilho, M. S.; Pavao, F.; Oliva, G.; Ladame, S.; Willson, M.;
Perie, J. Evidence for the two phosphate binding sites of an
analogue of the thioacyl intermediate for the Trypanosoma cruzi
glyceraldehyde-3-phosphate  dehydrogenase-catalyzed reaction,
from its crystal structure. Biochemistry, 2003, 42, 7143-7151.

de Marchi, A. A.; Castilho, M. S.; Nascimento, P. G.; Archanjo, F.
C.; del Ponte, G.; Oliva, G.; Pupo, M. T. New 3-piperonyl-
coumarins as inhibitors of glycosomal glyceraldehyde-3-phosphate
dehydrogenase (JGAPDH) from Trypanosoma cruzi. Bioorg. Med.
Chem., 2004, 12, 4823-4833.

Ladame, S.; Castilho, M. S.; Silva, C. H.; Denier, C.; Hannaert, V.;
Perie, J.; Oliva, G.; Willson, M. Crystal structure of Trypanosoma
cruzi glyceraldehyde-3-phosphate dehydrogenase complexed with
an analogue of 1,3-bisphospho-d-glyceric acid. Eur. J. Biochem.,
2003, 270, 4574-4586.

Menezes, I. R.; Lopes, J. C.; Montanari, C. A.; Oliva, G.; Pavao,
F.; Castilho, M. S.; Vieira, P. C.; Pupo, M. T. 3D QSAR studies on
binding affinities of coumarin natural products for glycosomal
GAPDH of Trypanosoma cruzi. J. Comput. Aided Mol. Des., 2003,
17, 277-290.

Pavao, F.; Castilho, M. S.; Pupo, M. T.; Dias, R. L.; Correa, A. G.;
Fernandes, J. B.; da Silva, M. F.; Mafezoli, J.; Vieira, P. C.; Oliva,
G. Structure of Trypanosoma cruzi glycosomal glyceraldehyde-3-
phosphate dehydrogenase complexed with chalepin, a natural
product inhibitor, at 1.95 A resolution. FEBS Lett., 2002, 520, 13-
17.

Aronov, A. M.; Suresh, S.; Buckner, F. S.; Van Voorhis, W. C.;
Verlinde, C. L.; Opperdoes, F. R.; Hol, W. G.; Gelb, M. H.
Structure-based design of submicromolar, biologically active
inhibitors  of  trypanosomatid  glyceraldehyde-3-phosphate
dehydrogenase. Proc. Natl. Acad. Sci. USA, 1999, 96, 4273-4278.
Nowicki, M. W.; Tulloch, L. B.; Worralll, L.; McNae, I. W.;
Hannaert, V.; Michels, P. A.; Fothergill-Gilmore, L. A.;
Walkinshaw, M. D.; Turner, N. J. Design, synthesis and
trypanocidal activity of lead compounds based on inhibitors of
parasite glycolysis. Bioorg. Med. Chem., 2008, 16, 5050-5061.
Claustre, S.; Denier, C.; Lakhdar-Ghazal, F.; Lougare, A.; Lopez,
C.; Chevalier, N.; Michels, P. A.; Perie, J.; Willson, M. Exploring
the active site of Trypanosoma brucei phosphofructokinase by
inhibition studies: specific irreversible inhibition. Biochemistry,
2002, 41, 10183-10193.

Snow, R. W.; Guerra, C. A.; Noor, A. M.; Myint, H. Y.; Hay, S. I.
The global distribution of clinical episodes of Plasmodium
falciparum malaria. Nature, 2005, 434, 214-217.

Fidock, D. A.; Eastman, R. T.; Ward, S. A.; Meshnick, S. R.
Recent highlights in antimalarial drug resistance and chemotherapy
research. Trends Parasitol., 2008, 24, 537-544.

Karp, J. E.; Flatten, K.; Feldman, E. J.; Greer, J. M.; Loegering, D.
A.; Ricklis, R. M.; Morris, L. E.; Ritchie, E.; Smith, B. D.;
Ironside, V.; Talbott, T.; Roboz, G.; Le, S. B.; Meng, X. W
Schneider, P. A.; Dai, N. T.; Adjei, A. A.; Gore, S. D.; Levis, M. J,;
Wright, J. J.; Garrett-Mayer, E.; Kaufmann, S. H. Active oral
regimen for elderly adults with newly diagnosed acute
myelogenous leukemia: A preclinical and phase | trial of the
farnesyltransferase inhibitor tipifarnib (R115777, Zarnestra)
combined with etoposide. Blood, 2009, 113, 4841-4852.

Li, T.; Christos, P. J.,; Sparano, J. A.; Hershman, D. L,;
Hoschander, S.; O'Brien, K.; Wright, J. J.; Vahdat, L. T. Phase Il
trial of the farnesyltransferase inhibitor tipifarnib plus fulvestrant in
hormone receptor-positive metastatic breast cancer: New York
Cancer Consortium Trial P6205. Ann. Oncol., 2009, 20(4), 642-
647.

Ocio, E. M.; Mateos, M. V.; Maiso, P.; Pandiella, A.; San-Miguel,
J. F. New drugs in multiple myeloma: mechanisms of action and
phase I/1l clinical findings. Lancet Oncol., 2008, 9, 1157-1165.
Buckner, F. S.; Eastman, R. T.; Nepomuceno-Silva, J. L.
Speelmon, E. C.; Myler, P. J.; Van Voorhis, W. C.; Yokoyama, K.
Cloning, heterologous expression, and substrate specificities of
protein  farnesyltransferases from Trypanosoma cruzi and
Leishmania major. Mol. Biochem. Parasitol., 2002, 122, 181-188.

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Guido and Oliva

Chakrabarti, D.; Azam, T.; DelVecchio, C.; Qiu, L.; Park, Y. I;
Allen, C. M. Protein prenyl transferase activities of Plasmodium
falciparum. Mol. Biochem. Parasitol., 1998, 94, 175-184.

Ibrahim, M.; Azzouz, N.; Gerold, P.; Schwarz, R. T. Identification
and characterisation of Toxoplasma gondii protein farnesyl-
transferase. Int. J. Parasitol., 2001, 31, 1489-1497.

Yokoyama, K.; Trobridge, P.; Buckner, F. S.; Van Voorhis, W. C.;
Stuart, K. D.; Gelb, M. H. Protein farnesyltransferase from
Trypanosoma brucei. A heterodimer of 61- and 65-kda subunits as
a new target for antiparasite therapeutics. J. Biol. Chem., 1998,
273, 26497-26505.

Bendale, P.; Olepu, S.; Suryadevara, P. K.; Bulbule, V.; Rivas, K.;
Nallan, L.; Smart, B.; Yokoyama, K.; Ankala, S.; Pendyala, P. R.;
Floyd, D.; Lombardo, L. J.; Williams, D. K.; Buckner, F. S;;
Chakrabarti, D.; Verlinde, C. L.; Van Voorhis, W. C.; Gelb, M. H.
Second generation tetrahydroquinoline-based protein farnesyl-
transferase inhibitors as antimalarials. J. Med. Chem., 2007, 50,
4585-4605.

Bulbule, V. J.; Rivas, K.; Verlinde, C. L.; Van Voorhis, W. C.;
Gelb, M. H. 2-Oxotetrahydroquinoline-based antimalarials with
high potency and metabolic stability. J. Med. Chem., 2008, 51,
384-387.

Fletcher, S.; Cummings, C. G.; Rivas, K.; Katt, W. P.; Horney, C;
Buckner, F. S.; Chakrabarti, D.; Sebti, S. M.; Gelb, M. H.; Van
Voorhis, W. C.; Hamilton, A. D. Potent, Plasmodium-selective
farnesyltransferase inhibitors that arrest the growth of malaria
parasites: structure-activity relationships of ethylenediamine-
analogue scaffolds and homology model validation. J. Med. Chem.,
2008, 51, 5176-5197.

Olepu, S.; Suryadevara, P. K.; Rivas, K.; Yokoyama, K.; Verlinde,
C. L.; Chakrabarti, D.; Van Voorhis, W. C.; Gelb, M. H. 2-Oxo-
tetrahydro-1,8-naphthyridines as selective inhibitors of malarial
protein farnesyltransferase and as anti-malarials. Bioorg. Med.
Chem. Lett., 2008, 18, 494-497.

Van Voorhis, W. C.; Rivas, K. L.; Bendale, P.; Nallan, L.; Horney,
C.; Barrett, L. K.; Bauer, K. D.; Smart, B. P.; Ankala, S.; Hucke,
O.; Verlinde, C. L.; Chakrabarti, D.; Strickland, C.; Yokoyama, K.;
Buckner, F. S.; Hamilton, A. D.; Williams, D. K.; Lombardo, L. J.;
Floyd, D.; Gelb, M. H. Efficacy, pharmacokinetics, and
metabolism of tetrahydroquinoline inhibitors of Plasmodium
falciparum protein  farnesyltransferase.  Antimicrob. Agents
Chemother., 2007, 51, 3659-3671.

Schlitzer, M. Structure based design of benzophenone-based non-
thiol farnesyltransferase inhibitors. Curr. Pharm. Des., 2002, 8,
1713-1722.

Wiesner, J.; Fucik, K.; Kettler, K.; Sakowski, J.; Ortmann, R.;
Jomaa, H.; Schlitzer, M. Structure-activity relationships of novel
anti-malarial agents. Part 6: N-(4-arylpropionylamino-3-
benzoylphenyl)-[5-(4-nitrophenyl)-2-furyl]acryli ¢ acid amides.
Bioorg. Med. Chem. Lett., 2003, 13, 1539-1541.

Wiesner, J.; Kettler, K.; Sakowski, J.; Ortmann, R.; Jomaa, H.;
Schlitzer, M. Structure-activity relationships of novel anti-malarial
agents: part 5. N-(4-acylamino-3-benzoylphenyl)-[5-(4-nitro-
phenyl)-2-furyl]acrylic acid amides. Bioorg. Med. Chem. Lett.,
2003, 13, 361-363.

Wiesner, J.; Kettler, K.; Sakowski, J.; Ortmann, R.; Katzin, A. M.;
Kimura, E. A.; Silber, K.; Klebe, G.; Jomaa, H.; Schlitzer, M.
Farnesyltransferase inhibitors inhibit the growth of malaria
parasites in vitro and in vivo. Angew. Chem. Int. Ed. Engl., 2004,
43, 251-254.

Wiesner, J.; Mitsch, A.; Jomaa, H.; Schlitzer, M. Structure-activity
relationships of novel anti-malarial agents. Part 7: N-(3-benzoyl-4-
tolylacetylaminophenyl)-3-(5-aryl-2-furyl)acrylic acid amides with
polar moieties. Bioorg. Med. Chem. Lett., 2003, 13, 2159-2161.
Wiesner, J.; Mitsch, A.; Wissner, P.; Kramer, O.; Jomaa, H.;
Schlitzer, M. Structure-activity relationships of novel anti-malarial
agents. Part 4: N-(3-benzoyl-4-tolylacetylaminophenyl)-3-(5-aryl-
2-furyl)acrylic acid amides. Bioorg. Med. Chem. Lett., 2002, 12,
2681-2683.

Kohring, K.; Wiesner, J.; Altenkamper, M.; Sakowski, J.; Silber,
K.; Hillebrecht, A.; Haebel, P.; Dahse, H. M.; Ortmann, R.; Jomaa,
H.; Klebe, G.; Schlitzer, M. Development of benzophenone-based



http://www.ingentaconnect.com/content/external-references?article=0960-894X(2002)12L.2681[aid=7689970]
http://www.ingentaconnect.com/content/external-references?article=0960-894X(2002)12L.2681[aid=7689970]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2003)13L.2159[aid=8623215]
http://www.ingentaconnect.com/content/external-references?article=0960-894X(2003)13L.361[aid=7689969]
http://www.ingentaconnect.com/content/external-references?article=0960-894X(2003)13L.361[aid=7689969]
http://www.ingentaconnect.com/content/external-references?article=0960-894X(2003)13L.1539[aid=7689967]
http://www.ingentaconnect.com/content/external-references?article=1381-6128(2002)8L.1713[aid=7689964]
http://www.ingentaconnect.com/content/external-references?article=1381-6128(2002)8L.1713[aid=7689964]
http://www.ingentaconnect.com/content/external-references?article=0066-4804(2007)51L.3659[aid=8920600]
http://www.ingentaconnect.com/content/external-references?article=0066-4804(2007)51L.3659[aid=8920600]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2008)18L.494[aid=8920601]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2008)18L.494[aid=8920601]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2008)51L.5176[aid=8916733]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2008)51L.5176[aid=8916733]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2008)51L.384[aid=8920602]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2008)51L.384[aid=8920602]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.4585[aid=8920603]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.4585[aid=8920603]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(1998)273L.26497[aid=7689924]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(1998)273L.26497[aid=7689924]
http://www.ingentaconnect.com/content/external-references?article=0020-7519(2001)31L.1489[aid=8329695]
http://www.ingentaconnect.com/content/external-references?article=1470-2045(2008)9L.1157[aid=8900696]
http://www.ingentaconnect.com/content/external-references?article=0006-4971(2009)113L.4841[aid=8920604]
http://www.ingentaconnect.com/content/external-references?article=1471-4922(2008)24L.537[aid=8920605]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(2005)434L.214[aid=6924387]
http://www.ingentaconnect.com/content/external-references?article=0006-2960(2002)41L.10183[aid=8920606]
http://www.ingentaconnect.com/content/external-references?article=0006-2960(2002)41L.10183[aid=8920606]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(2008)16L.5050[aid=8715304]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(1999)96L.4273[aid=6811687]
http://www.ingentaconnect.com/content/external-references?article=0014-5793(2002)520L.13[aid=6516949]
http://www.ingentaconnect.com/content/external-references?article=0014-2956(2003)270L.4574[aid=8920607]
http://www.ingentaconnect.com/content/external-references?article=0014-2956(2003)270L.4574[aid=8920607]
http://www.ingentaconnect.com/content/external-references?article=0006-2960(2003)42L.7143[aid=7104760]
http://www.ingentaconnect.com/content/external-references?article=0920-654x(1992)6L.131[aid=5184124]
http://www.ingentaconnect.com/content/external-references?article=0920-654x(1992)6L.131[aid=5184124]

Tropical diseases and Modern Drug Design

[141]

[142]

[143]

[144]

[145]

farnesyltransferase inhibitors as novel antimalarials.
ChemMedChem, 2008, 3, 1217-1231.

Perozzo, R.; Kuo, M.; Sidhu, A. S.; Valiyaveettil, J. T.; Bittman,
R.; Jacobs, W. R., Jr.; Fidock, D. A.; Sacchettini, J. C. Structural
elucidation of the specificity of the antibacterial agent triclosan for
malarial enoyl acyl carrier protein reductase. J. Biol. Chem., 2002,
277,13106-13114.

Kuo, M. R.; Morbidoni, H. R.; Alland, D.; Sneddon, S. F.; Gourlie,
B. B.; Staveski, M. M.; Leonard, M.; Gregory, J. S.; Janjigian, A.
D.; Yee, C.; Musser, J. M.; Kreiswirth, B.; lwamoto, H.; Perozzo,
R.; Jacobs, W. R., Jr.; Sacchettini, J. C.; Fidock, D. A. Targeting
tuberculosis and malaria through inhibition of Enoyl reductase:
compound activity and structural data. J. Biol. Chem., 2003, 278,
20851-20859.

Freundlich, J. S.; Anderson, J. W.; Sarantakis, D.; Shieh, H. M.;

Yu, M.; Valderramos, J. C.; Lucumi, E.; Kuo, M.; Jacobs, W. R.,
Jr.; Fidock, D. A.; Schiehser, G. A.; Jacobus, D. P.; Sacchettini, J.
C. Synthesis, biological activity, and X-ray crystal structural
analysis of diaryl ether inhibitors of malarial enoyl acyl carrier
protein reductase. Part 1: 4'-substituted triclosan derivatives.
Bioorg. Med. Chem. Lett., 2005, 15, 5247-5252.

Surolia, N.; Surolia, A. Triclosan offers protection against blood
stages of malaria by inhibiting enoyl-ACP reductase of
Plasmodium falciparum. Nat. Med., 2001, 7, 167-173.

Freundlich, J. S.; Yu, M.; Lucumi, E.; Kuo, M.; Tsai, H. C,;
Valderramos, J. C.; Karagyozov, L.; Jacobs, W. R., Jr.; Schiehser,
G. A, Fidock, D. A.; Jacobus, D. P.; Sacchettini, J. C. Synthesis

Received February 25, 2009

Accepted March 28, 2009

[146]

[147]

[148]

[149]

[150]

Current Topics in Medicinal Chemistry, 2009, Vol. 9, No.9 843

and biological activity of diaryl ether inhibitors of malarial enoyl
acyl carrier protein reductase. Part 2: 2'-substituted triclosan
derivatives. Bioorg. Med. Chem. Lett., 2006, 16, 2163-2169.
Nicola, G.; Smith, C. A.; Lucumi, E.; Kuo, M. R.; Karagyozov, L.;
Fidock, D. A.; Sacchettini, J. C.; Abagyan, R. Discovery of novel
inhibitors targeting enoyl-acyl carrier protein reductase in
Plasmodium falciparum by structure-based virtual screening.
Biochem. Biophys. Res. Commun., 2007, 358, 686-691.

Abagyan, R.; Totrov, M.; Kuznetsov, D. ICM - a New Method for
Protein Modeling and Design - Applications to Docking and
Structure Prediction from the Distorted Native Conformation. J.
Comput. Chem., 1994, 15, 488-506.

Postigo, M. P. In Planejamento racional de inibidores da purina
nucleosideo fosforilase de Schistosoma mansoni. Universidade de
Sdo0 Paulo: Séo Carlos, 2008; Vol. Msc degree, pp. 1-112.
Available  from:  http://www.teses.usp.br/teses/disponiveis/76/
76132/tde-01042008-172626/

Luzhkov, V. B.; Selisko, B.; Nordgvist, A.; Peyrane, F.; Decroly,
E.; Alvarez, K.; Karlen, A.; Canard, B.; Qvist, J. Virtual screening
and bioassay study of novel inhibitors for dengue virus mRNA cap
(nucleoside-2'0)-methyltransferase. Bioorg. Med. Chem., 2007, 15,
7795-7802.

Perbandt, M.; Hoppner, J.; Betzel, C.; Walter, R. D.; Liebau, E.

Structure of the major cytosolic glutathione S-transferase from the
parasitic nematode Onchocerca volvulus. J. Biol. Chem., 2005,
280, 12630-12636.


http://www.ingentaconnect.com/content/external-references?article=0968-0896(2007)15L.7795[aid=8674092]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(2007)15L.7795[aid=8674092]
http://www.ingentaconnect.com/content/external-references?article=0192-8651(1994)15L.488[aid=6902317]
http://www.ingentaconnect.com/content/external-references?article=0192-8651(1994)15L.488[aid=6902317]
http://www.ingentaconnect.com/content/external-references?article=0006-291x(2007)358L.686[aid=8142937]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2006)16L.2163[aid=8257279]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2005)15L.5247[aid=8257282]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(2003)278L.20851[aid=6428780]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(2003)278L.20851[aid=6428780]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(2002)277L.13106[aid=6428731]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(2002)277L.13106[aid=6428731]
http://www.ingentaconnect.com/content/external-references?article=1860-7179(2008)3L.1217[aid=8920608]
http://www.teses.usp.br/teses/disponiveis/76/76132/tde-01042008-172626/
http://www.teses.usp.br/teses/disponiveis/76/76132/tde-01042008-172626/

