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Open Source without a Kernel?
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Drug Discovery pipeline
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+ Completeness of genome projects (eg, Malaria)
+ New and more complete biological databases
+ New software and computers (cheaper and faster)
+ Internet == more people == less cost
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Predicting binding sites in protein structure models of 
Tropical Diseases
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Need is High in the Tail
DALY Burden Per Disease in Developed Countries
DALY Burden Per Disease in Developing Countries

Disease data taken from WHO, World Health Report 2004
DALY - Disability adjusted life years

DALY is not a perfect measure of market size, but is certainly a good measure for importance.
DALYs for a disease are the sum of the years of life lost due to premature mortality (YLL) in the population and the years lost due to disability (YLD) for incident cases of the health condition. The DALY is a health 

gap measure that extends the concept of potential years of life lost due to premature death (PYLL) to include equivalent years of 'healthy' life lost in states of less than full health, broadly termed disability. One 
DALY represents the loss of one year of equivalent full health.

Disease
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Heart diseases

Rare diseases
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“Unprofitable” Diseases
and Global DALY (in 1000’s)

Disease data taken from WHO, World Health Report 2004
DALY - Disability adjusted life year in 1000’s.

*  Officially listed in the WHO Tropical Disease Research disease portfolio.

Malaria* 46,486

Tetanus 7,074

Lymphatic filariasis* 5,777

Syphilis 4,200

Trachoma 2,329

Leishmaniasis* 2,090

Ascariasis 1,817

Schistosomiasis* 1,702

Trypanosomiasis* 1,525

Trichuriasis 1,006

Japanese encephalitis 709

Chagas Disease* 667

Dengue* 616

Onchocerciasis* 484

Leprosy* 199

Diphtheria 185

Poliomyelitise 151

Hookworm disease 59
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Comparative docking

crystalized protein

Anabaena 7120

Anacystis nidulans

C
ondrus crispus

D
esulfovibrio vulgaris

G
F
C
H
I
K
A
Y
T
R
L
I
M
V
G
… 

Expansion 2. Inheritance

co-crystalized protein/ligand model

crystalized 
protein template

1. Modeling

Wednesday, September 5, 12



0 5.000 10.000 15.000 20.000 25.000 30.000 35.000

Transcripts

0

10

20

30

40

50

60

70

80

90

100

%
 m

o
d

e
le

d

% good

% bad

H. sapiens

M. tuberculosis

M. leprae

P. falciparum

T. gondii

T. cruzi

T. brucei
P. vivax

L. major

C. parvum

C. hominis

A good model has MPQS of 1.0 or higher

Modeling Genomes
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Summary table
models with inherited ligands

Transcripts Modeled targets Selected models Inherited ligands Similar to a drug Drugs

C. hominis 3,886 1,614 666 197 20 13

C. parvum 3,806 1,918 742 232 24 13

L. major 8,274 3,975 1,409 478 43 20

M. leprae 1,605 1,178 893 310 25 6

M. tuberculosis 3,991 2,808 1,608 365 30 10

P. falciparum 5,363 2,599 818 284 28 13

P. vivax 5,342 2,359 822 268 24 13

T. brucei 7,793 1,530 300 138 13 6

T. cruzi 19,607 7,390 3,070 769 51 28

T. gondii 9,210 3,900 1,386 458 39 21

TOTAL 68,877 29,271 11,714 3,499 297 143

29,271 targets with good models, 297 inherited a ligand/substance 
similar to a known drug in DrugBank

http://tropicaldisease.org
Creative Commons (no viral!)
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L. major Histone deacetylase 2 + Vorinostat 
Template 1t64A a human HDAC8 protein. 
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ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Apr. 2004, p. 1435–1436 Vol. 48, No. 4
0066-4804/04/$08.00!0 DOI: 10.1128/AAC.48.4.1435–1436.2004
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Antimalarial and Antileishmanial Activities of Aroyl-Pyrrolyl-Hydroxyamides, a
New Class of Histone Deacetylase Inhibitors

Members of the genus Leishmania are parasitic protozoans
that infect about two million people per annum (5), and they
are emerging as serious opportunistic infective agents in hu-
man immunodeficiency virus-infected patients (4). Malaria
parasites are responsible for 1.5 to 2.7 million deaths annually,
primarily in Africa (10). The effort to find new antimalarial
agents is still a high priority given the increasing malaria emer-
gency largely due to multidrug-resistant Plasmodium falcipa-
rum strains. The histones of P. falciparum have recently been
proposed as targets for drug treatment of blood stage parasites
(6). They also play an important role in chromatin remodeling
in trypanosomatids, which include Leishmania species and try-
panosomes (3).

Apicidin, a cyclic tetrapeptide isolated from Fusarium spp.,
was reported to block the in vitro development of apicom-
plexan parasites by inhibiting parasite (including Plasmodium
species) histone deacetylase (HDAC) (6). Another HDAC
inhibitor, suberoyl bishydroxamic acid, showed an in vivo cy-
tostatic effect against the acute murine malaria Plasmodium
berghei, and one round of treatment with the compound failed
to select for resistant mutations (1).

Recently, Mai et al. reported a novel series of hydroxamate
compounds, namely, 3-(4-aroyl-1H-pyrrol-2-yl)-N-hydroxy-2-
propenamides, acting as HDAC inhibitors in the range of low
micromolar-submicromolar concentrations (7, 8). The aim of
the present study was to investigate the in vitro antimalarial
and antileishmanial activities of lead compound 1 and some
analogues (compounds 2 to 10) to identify potential chemical
tools with selective toxicity for protozoa.

The antimalarial activity of compounds 1 to 10 (Table 1) was
determined in vitro for chloroquine-sensitive (CQS) (D6,
Sierra Leone) and chloroquine-resistant (CQR) (W2, Indo-
china) strains of P. falciparum. Growth of cultures of P. falci-

parum was determined by a parasite lactate dehydrogenase
assay using Malstat reagent (9). Chloroquine was used as the
positive control, while dimethyl sulfoxide was tested as the
negative control. Suberoylanilide hydroxamic acid (SAHA)
and trichostatin A (TSA), two well-known HDAC inhibitors,
were also tested. Antileishmanial activity of compounds 1 to 10
(Table 1) was tested on a transgenic cell line of Leishmania
donovani promastigotes expressing firefly luciferase (assay with
Steady Glo reagent; Promega, Madison, Wis.) obtained from
Dr. Rafael Balana-Fouce, University of Leon, Leon, Spain.
Pentamidine was tested as a reference drug together with
SAHA and TSA. All the compounds were simultaneously
tested for cytotoxicity on Vero (monkey kidney fibroblast) cells
by a Neutral Red assay (2).

Among compounds 1 to 10, only compound 7 showed anti-
malarial activity against P. falciparum strains; however, its 50%
inhibitor concentration (IC50) values were 22- to 100-fold
higher than those of chloroquine and 4.8- to 8.5-fold and 33- to
93-fold higher than those of SAHA and TSA, respectively.
Compounds 1 to 4 showed little Plasmodium inhibition activity
(Table 1). This biological behavior of compounds 1 to 10 re-
sembles their corresponding anti-HDAC effect against maize
HD2 (compound 7, IC50 " 0.1 #M; compounds 1 to 4, IC50 "
2 to 4 #M; compounds 5, 6, and 8 to 10, low-level activity or
totally inactivity) (7, 8), thus confirming an inhibiting action of
compound 7 and, to a lesser extent, of compounds 1 to 4 on
parasite HDAC enzymes.

Surprisingly, the majority of compounds 1 to 10 were found
endowed with interesting anti-Leishmania activity (in this case,
activity not directly related to their anti-HD2 action) (Table 1).
Compounds 2 and 3, the most potent of the series, were as
active as pentamidine, slightly less potent than TSA, and $10-
fold more potent than SAHA. Interestingly, compounds 2 and

TABLE 1. Antimalarial and antileishmanial activities of compounds 1 to 10

Compound Compounda
IC50 (#g/ml) for P. falciparumb: IC (#g/ml) for L. donovani Cytotoxicity

(#g/ml)D6 (CQS) W2 (CQR) IC50 IC90

1 1 $4.8 (46) $4.8 (45) 2.4 11.3 NCc

2 2 $4.7 (19) $4.7 (34) 1.7 5.4 NC
3 5 $4.7 (35) $4.7 (49) 1.6 5.1 NC
4 7 3.8 3.5 2.4 14.3 NC
5 27 NAd NA NA NA NC
6 29 NA NA NA NA NC
7 8 1.2 4 16 $50 NC
8 25 NA NA NA NA NC
9 26 NA NA 8.3 32 NC
10 28 NA NA 6.8 $50 NC
SAHA 0.25 0.47 22 50 1.2
TSA 0.036 0.043 0.89 25 0.095
Pentamidine NTe NT 1.25 4.1 NC
Chloroquine 0.014 0.18 NT NT NC

a From reference 7.
b Numbers in parentheses represent percentages of inhibition at the tested dose.
c NC, not cytotoxic at concentrations of up to 23.8 #g/ml.
d NA, not active at the maximum dose tested (4.8 #g/ml in the case of the antimalarial assays and 50 #g/ml in the case of the antileishmanial assays).
e NT, not tested.

1435

Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 13143–13147, November 1996
Medical Sciences

Apicidin: A novel antiprotozoal agent that inhibits
parasite histone deacetylase

(cyclic tetrapeptide�Apicomplexa�antiparasitic�malaria�coccidiosis)

SANDRA J. DARKIN-RATTRAY*†, ANNE M. GURNETT*, ROBERT W. MYERS*, PAULA M. DULSKI*,
TAMI M. CRUMLEY*, JOHN J. ALLOCCO*, CHRISTINE CANNOVA*, PETER T. MEINKE‡, STEVEN L. COLLETTI‡,
MARIA A. BEDNAREK‡, SHEO B. SINGH§, MICHAEL A. GOETZ§, ANNE W. DOMBROWSKI§,
JON D. POLISHOOK§, AND DENNIS M. SCHMATZ*
Departments of *Parasite Biochemistry and Cell Biology, ‡Medicinal Chemistry, and §Natural Products Drug Discovery, Merck Research Laboratories,
P.O. Box 2000, Rahway, NJ 07065

Communicated by Edward M. Scolnick, Merck & Co., Inc., West Point, PA, August 21, 1996 (received for review June 25, 1996)

ABSTRACT A novel fungal metabolite, apicidin [cyclo(N-
O-methyl-L-tryptophanyl-L-isoleucinyl-D-pipecolinyl-L-2-
amino-8-oxodecanoyl)], that exhibits potent, broad spectrum
antiprotozoal activity in vitro against Apicomplexan parasites
has been identified. It is also orally and parenterally active in
vivo against Plasmodium berghei malaria in mice. Many Api-
complexan parasites cause serious, life-threatening human
and animal diseases, such as malaria, cryptosporidiosis,
toxoplasmosis, and coccidiosis, and new therapeutic agents
are urgently needed. Apicidin’s antiparasitic activity appears
to be due to low nanomolar inhibition of Apicomplexan histone
deacetylase (HDA), which induces hyperacetylation of his-
tones in treated parasites. The acetylation–deacetylation of
histones is a thought to play a central role in transcriptional
control in eukaryotic cells. Other known HDA inhibitors were
also evaluated and found to possess antiparasitic activity,
suggesting that HDA is an attractive target for the develop-
ment of novel antiparasitic agents.

Protozoan parasites of the subphylum Apicomplexa remain
significant threats to human and animal health worldwide.
With respect to human health, malaria remains one of the
leading causes of death in the world, resulting in the loss of over
1.5 million lives per year (1). Widespread multidrug resistance
to malaria has developed, and few, if any, new therapeutic
agents will be available in the foreseeable future. Another
Apicomplexan parasite, Cryptosporidium parvum, was recently
identified by the World Health Organization as an emerging
global health problem (2). The rapid spread of cryptosporidi-
osis has been reported in urban slums (3), and there have been
several major water-borne outbreaks in developed countries in
which thousands of individuals were infected (4). In immune
compromised individuals, such as AIDS patients, Cr. parvum
infections are incurable and lead to chronic diarrhea and
wasting disease. Despite its medical importance, there is
currently no therapy for treating cryptosporidiosis. Another
important apicomplexan infection in immune-compromised
patients is Toxoplasma gondii, which is becoming a relatively
common problem in AIDS patients (5). Although methods of
treating toxoplasmosis exist, better therapeutic agents are
clearly needed.

In animal health, the Apicomplexan parasites cause major
economic losses in livestock and poultry throughout the world.
Eimeria parasites are responsible for coccidiosis in poultry and
many other domesticated animals. Infection of the gut epithe-
lium by these intracellular parasites results in severe morbidity
and mortality, particularly in chickens. Poultry producers

worldwide routinely employ chemical prophylaxis to prevent
serious coccidiosis outbreaks. Resistance to currently available
coccidiostats is prevalent, and new anticoccidial agents are
needed. T. gondii is an important cause of abortion and
morbidity in livestock, especially sheep and goats (6), and
species of Cryptosporidium cause widespread and rapidly trans-
mitted diarrheal illness in several mammalian hosts, especially
calves, neonatal lambs and goats, and young foals (7).

In this paper, a novel natural product, apicidin [cyclo(N-O-
methyl-L-tryptophanyl-L-isoleucinyl-D-pipecolinyl-L-2-amino-
8-oxodecanoyl)], that has broad spectrum activity against the
Apicomplexan parasites is described, and experimental evi-
dence that demonstrates that this compound kills parasites by
inhibiting histone deacetylase (HDA), a key nuclear enzyme
involved in transcriptional control, is provided.

MATERIALS AND METHODS
Source of Compounds and Organisms. [3H]Apicidin A

(2-N-desmethoxy[3H]apicidin, specific activity 18.7 mCi�mg; 1
Ci � 37 GBq), Ac-Gly-Ala-Lys(�-[3H]Ac)-Arg-His-Arg-Lys(�-
[3H]Ac)-Val-NH2 (specific activity 3.8 Ci�mmol), ⇥-hydroxy-
HC-toxin, and trichostatin were prepared at Merck Research
Laboratories, Rahway, NJ. Sodium [14C]acetate (60 mCi�
mmol) was purchased from Amersham. Sodium butyrate and
HC-toxin were from Sigma. Organisms for in vitro studies were
obtained from a variety of sources: Plasmodium berghei (strain
KBG 173), A. Ager (University of Miami, Miami); Plasmo-
dium falciparum (Dd2 strain), D. Chakraborti (University of
Florida, Gainesville, FL); Neospora caninum (strain NC-1-2C)
and Caryospora bigenetica, D. Lindsay and C. Sundermann
(Auburn University, Auburn, AL). Human blood products
were from the North Jersey Blood Center.

Determination of in Vitro Antiprotozoal Activity. Conditions
for the in vitro culture of parasites and determination of
minimal inhibitory concentrations [defined as the lowest con-
centration (nanograms per milliliter) at which parasite growth
was fully inhibited] for compounds were conducted according
to previously described methods. For Eimeria tenella, the 48-hr
assay as described by Schmatz et al. (8) was used; for T. gondii,
Besnoitia jellisoni, and N. caninum, the method of Roos et al.
(9) was used; for Ca. bigenetica, the 7-day assay as described by
Sundermann et al. (10) was used; for P. falciparum [chloro-
quine-resistant strain Dd2, grown according to Trager and
Jensen (11)], drug sensitivity was determined over 48 hr
visually by light microscopy of stained blood smears; and
activity against Cr. parvum was determined according to
Woods et al. (12) with rat serum at a 1:1000 dilution. Test

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Abbreviations: HDA, histone deacetylase; p.i., post infection; AUT,
acid urea triton.
†To whom reprint requests should be addressed.
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P. falciparum tymidylate kinase + zidovudine 
Template 3tmkA a yeast tymidylate kinase. 
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P. falciparum thymidylate kinase + zidovudine 
NMR Water-LOGSY  and STD experiments

Leticia Ortí, Rodrigo J. Carbajo, and Antonio Pineda-Lucena

ATM Zidovudine
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Impact of fgd1 and ddn Diversity in Mycobacterium tuberculosis 
Complex on In Vitro Susceptibility to PA-824

18

resistant control strains (H37Rv-T3, H37Rv-5A1, and H37Rv-14A1) were in-
cluded (19, 25). Strains used for DNA isolation and MIC determination were
cultivated on Löwenstein-Jensen agar slants.

DNA isolation, PCR, and sequencing. Genomic DNA was isolated as de-
scribed previously (40). DNA amplification and subsequent sequencing were
performed using the following primers: 5!-CGA GCG CAC CGA CCA GAG
C-3! (Rv3547_F) and 5!-GCA TGG CCC GCA GGT GGA CAA-3! (Rv3547_R)
for ddn and 5!-CGT GGC CGC GAG CGA GGT GAA-3! (Rv0407_F) and
5!-CGC CCG AAC CGT CAA CAA CAC TGG-3! (Rv0407_R) for fgd1. An
additional sequencing primer, 5!-CGG AGT TCA AGG AGC GGT TCG-3!
(Rv0407_S1), was used for fgd1. PCRs were done using HotStarTaq DNA poly-
merase (Qiagen) under the following conditions: 95°C for 15 min, 94°C for 30 s,
64°C (ddn)/62°C (fgd1) for 30 s, 72°C for 1 min (ddn)/2 min (fgd1), and 72°C for
10 min. The second through fourth steps were repeated 30 times.

The PCR products thus obtained were sequenced using an ABI Prism 3130xl
Genetic Analyzer (Applied Biosystems, Carlsbad, CA) and an ABI Prism BigDye
Terminator kit, version 3.1, according to the manufacturer’s instructions. The
sequence data were analyzed using the DNAStar Lasergene software package
(version 8.0) with M. tuberculosis H37Rv (GenBank sequence accession number
AL123456.2) as the reference.

Drug susceptibility testing. PA-824 drug susceptibility testing was performed
in the supranational reference laboratory in Borstel, Germany, using the modi-
fied proportion method in the Bactec MGIT 960 system (33). The PA-824
concentrations used were 1, 0.5, 0.25, 0.125, 0.0625, and 0.0312 "g/ml. The M.
canettii strains and the PA-824-resistant positive controls were additionally tested
at concentrations of 32, 16, 8, 4, and 2 "g/ml.

In silico modeling. Our modeling pipeline consisted of three main steps and
relied on the use of the MODELLER program (34). First, a multiple sequence
alignment (see Fig. S1 in the supplemental material) of sequences homologous
to the M. tuberculosis Fgd1 protein was prepared by querying the UniProt
nonredundant sequence database using the wild-type sequence of Fgd1 with the
profile_build command in the MODELLER-9v6 program (27, 42). Of the iden-
tified hits, only those that aligned to the query sequence with a sequence identity
higher than 30% (P value of 0.0) and belonged to the Mycobacterium genus were
selected. This yielded 21 homologous sequences, which were then realigned to
the wild-type structure of M. tuberculosis Fgd1 using the expresso command of the
T-Coffee program (2). Second, the MODELLER-9v6 program was used to build
a 3-dimensional model for each of the five mutations identified in the Fgd1
protein (34). The crystallographic structure of M. tuberculosis Fgd1 was used as
the structural template (4). All MODELLER parameters were kept at their
default values. Third, for the native structure of Fgd1 and each of the five mutant
models, a number of sequence and structure features were calculated as previ-
ously described (29).

RESULTS

Sequence analyses. Our analysis of fgd1 and ddn in a total of
65 MTBC strains revealed 17 SNPs and one deletion that are
listed in detail in Table 1. All strains except those belonging to
the Euro-American superlineage (M. tuberculosis East African
Indian, Delhi/CAS, and Beijing, M. bovis, M. africanum, M.
caprae, M. pinnipedii, M. microti, and M. canettii) were charac-
terized by a synonymous SNP in fgd1 (Phe320Phe). Further
lineage-specific mutations in fgd1 or ddn were detected for M.
tuberculosis Haarlem, both M. africanum lineages (West Afri-

can [WA] 1 and 2), and the closely related M. pinnipedii and M.
microti. In addition, one SNP in fgd1 (Ala271Ala) separated
WA 1a and 1b strains, thereby supporting a further subclassi-
fication of this phylogenetic lineage. M. canettii was character-
ized by two synonymous mutations in fgd1 that were shared by
all three strains (Asp69Asp and Val148Val) and an additional
synonymous mutation that was present in only two strains
(Arg23Arg). In addition, some strains (7968/03, 2637/02, 5432/
02, and 3040/99) contained unique SNPs.

Of the three PA-824-resistant positive-control strains, H37Rv-
5A1 did not contain a mutation in either gene, whereas
H37Rv-T3 harbored a mutation in fgd1 (Gln88Glu) and H37Rv-
14A1 had a 1-base-pair deletion in ddn.

MIC determination. The MICs of the three PA-824-resis-
tant positive controls were #32 "g/ml. The MICs of represen-
tatives of the wider MTBC diversity displayed considerable
variability in their MICs, albeit at concentrations that were
lower than or equal to the MIC of M. tuberculosis H37Rv (0.25
"g/ml). In marked contrast, M. canettii strains had a consider-
ably higher MIC of 8 "g/ml (Table 1).

In silico modeling. Predictions of the structural conse-
quences of the point mutations were carried out for Fgd1 only,
since no homologous structure was available for Ddn. Using
the wild-type crystal structure of Fgd1 as a basis for compari-
son (4), four of the five mutations detected in clinical strains
had only minor structural consequences (Table 2). Gly145Ala
was a favorable mutation that did not occur in other mycobac-
teria, and the model predicted that the mutation had no effect
on the function of the protein. Similarly, Met208Ile was a
favorable mutation that was found in other mycobacteria. This
mutation was predicted not to affect protein function even
though it was located in the buried region of the protein.
Despite being an unfavorable mutation that changed the po-
larity of the amino acid, Lys270Met was located in an exposed
region of Fgd1 far from the F420 binding site. Lys296Glu also
led to a change in the charge of the amino acid that was not
observed in other mycobacteria. However, it was in an exposed
region of the protein far from the binding site. Finally, of the
five mutations, only Gln88Glu likely affected the F420 binding
site, due to its close proximity in space. Moreover, this muta-
tion did not occur in other mycobacteria and changed the
charge in a well-defined and rigid region.

DISCUSSION

Neither ddn nor fgd1 is essential for in vitro growth or sur-
vival in macrophages (32, 35, 36). Therefore, loss-of-function

TABLE 2. Structural properties of SNP models of the five Fgd1 nonsynonymous mutations detected in the 65 clinical strains
and the PA-824-resistant control H37Rv-T3a

Mutation Buriedness Residue
rigidity

Neighborhood
rigidity

Volume
change

Charge
change

Polarity
change

Mutation
likelihood

Phylogenetic
entropy

Helix/turn
breaker

Binding site
proximity

Gln88Glu 25.7 $1.6 $1.2 %5.4 0 3 $ 2 3 2 %2 (No) $0.14 NA Yes
Gly145Ala 31.9 $0.4 $0.5 %28.5 0 3 0 1 3 1 0 (No) $0.28 NA No
Met208Ile 5.1 %2.1 %0.9 %3.8 0 3 0 0 3 0 %1 (Yes) $0.36 NA No
Lys270Met 55.3 %1.5 %1.2 $5.6 % 3 0 2 3 0 $1 (No) $0.21 NA No
Lys296Glu 28.0 %1.0 %0.9 $30.2 % 3 $ 2 3 2 %1 (No) $0.14 NA No

a Unfavorable structural properties of the mutations in question are doubly underlined, intermediate properties are underlined, and the remaining properties were
favorable. NA, not applicable.
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65 clinical strains and the PA-824-resistant control H37Rv-T3
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Table 1  TDI kernel genomes
Organisma Transcriptsb Modeled targetsc Similard Exacte

Cryptosporidium hominis 3,886 666 20 13

Cryptosporidium parvum 3,806 742 24 13

Leishmania major 8,274 1,409 43 20

Mycobacterium leprae 1,605 893 25 6

Mycobacterium tuberculosis 3,991 1,608 30 10

Plasmodium falciparum 5,363 818 28 13

Plasmodium vivax 5,342 822 24 13

Toxoplasma gondii 7,793 300 13 6

Trypanosoma cruzi 19,607 3,070 51 28

Trypanosoma brucei 9,210 1,386 39 21

Total 68,877 11,714 297 143
aOrganisms in bold are included in the World Health Organization (Geneva) Tropical Disease portfolio. bNumber of transcripts in 
each genome. cNumber of targets with at least one domain accurately modeled (that is, MODPIPE quality score of at least 1.0). 
dNumber of modeled targets with at least one predicted binding site for a molecule with a Tanimoto score11 of at least 0.9 to a 
drug in DrugBank12. eNumber of modeled targets with at least one predicted binding site for a molecule in DrugBank.

A kernel for the Tropical Disease Initiative
To the Editor:
Identifying proteins that are good drug 
targets and finding drug leads that bind to 
them is generally a challenging problem. It 
is particularly difficult for neglected tropical 
diseases, such as malaria and tuberculosis, 
where research resources are relatively 
scarce1. Fortunately, several developments 
improve our ability to deal with drug 
discovery for neglected diseases: first, the 
sequencing of many complete genomes 
of organisms that cause tropical diseases; 
second, the determination of a large number 
of protein structures; third, the creation 
of compound libraries, including already-
approved drugs; and fourth, the availability of 
improved bioinformatics analysis, including 
methods for comparative protein structure 
modeling, binding site identification, virtual 
ligand screening and drug design. Therefore, 
we are now in a position to increase the odds 
of identifying high-quality drug targets and 
drug leads for neglected tropical diseases. 
Here we encourage a collaboration among 
scientists to engage in drug discovery for 
tropical diseases by providing a ‘kernel’ for 
the Tropical Disease Initiative (TDI, http://
www.tropicaldisease.org/)2. As the Linux 
kernel did for open source code development, 
we suggest that the TDI kernel may help 
overcome a major stumbling block, in this 
case, for open source drug discovery: the 
absence of a critical mass of preexisting work 
that volunteers can build on incrementally.
This kernel complements several other 
initiatives on neglected tropical diseases3–5, 
including collaborative web portals (e.g., 
http://www.thesynapticleap.org/), public-

private partnerships (e.g., http://
www.mmv.org/) and private 
foundations (e.g., http://www.
gatesfoundation.org/); for an 
updated list of initiatives, see the 
TDI website above.

The TDI kernel was derived 
with our software pipeline6,7 for 
predicting structures of protein 
sequences by comparative 
modeling, localizing small-
molecule binding sites on the 
surfaces of the models and 
predicting ligands that bind to 
them. Specifically, the pipeline 
linked 297 proteins from 
ten pathogen genomes with 
already approved drugs that 
were developed for treating 
other diseases (Table 1). Such 
links, if proven experimentally, 
may significantly increase the 
efficiency of target identification, 
target validation, lead discovery, 
lead optimization and clinical 
trials. Two of the kernel targets 
were tested for their binding 
to a known drug by NMR 
spectroscopy, validating one 
of our predictions (Fig. 1 and 
Supplementary Data online). 
It is difficult to assess the 
accuracy of our computational 
predictions based on this limited 
experimental testing. Thus, we encourage 
other investigators to donate their expertise 
and facilities to test additional predictions. 
We hope the testing will occur within the 

Figure 1  TDI kernel snapshot of the web page for the 
Plasmodium falciparum thymidylate kinase target (http://
tropicaldisease.org/kernel/q8i4s1/). Our computational pipeline 
predicted that thymidylate kinase from P. falciparum binds 
ATM (3´-azido-3´-deoxythymidine-5´-monophosphate), a supra-
structure of the zidovudine drug approved for the treatment of 
HIV infection. The binding of this ligand to a site on the kinase 
was experimentally validated by one-dimensional Water-LOGSY9 
and saturation transfer difference10 NMR experiments.

open source context, where results are made 
available with limited or no restrictions.

A freely downloadable version of the TDI 
kernel is available in accordance with the 
Science Commons protocol for implementing 
open access data (http://sciencecommons.
org/projects/publishing/open-access-data-
protocol/), which prescribes standard 
academic attribution and facilitates tracking 
of work but imposes no other restrictions. We 
do not seek intellectual property rights in the 
actual discoveries based on the TDI kernel, in 
the hope of reinvigorating drug discovery for 
neglected tropical diseases8. By minimizing 
restrictions on the data, including viral terms 
that would be inherited by all derivative 
works, we hope to attract as many eyeballs as 
we possibly can to use and improve the kernel. 
Although many of the drugs in the kernel are 
proprietary under diverse types of rights, we 
believe that the existence of public domain 
pairs of targets and compounds will reduce 
the royalties that patent owners can charge 
and sponsors must pay. This should decrease 
the large sums of money governments and 

CORRESP ONDENCE

©
20

09
 N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

A Kernel for Open Source Drug Discovery in Tropical
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Abstract

Background: Conventional patent-based drug development incentives work badly for the developing world, where
commercial markets are usually small to non-existent. For this reason, the past decade has seen extensive experimentation
with alternative R&D institutions ranging from private–public partnerships to development prizes. Despite extensive
discussion, however, one of the most promising avenues—open source drug discovery—has remained elusive. We argue
that the stumbling block has been the absence of a critical mass of preexisting work that volunteers can improve through a
series of granular contributions. Historically, open source software collaborations have almost never succeeded without
such ‘‘kernels’’.

Methodology/Principal Findings: Here, we use a computational pipeline for: (i) comparative structure modeling of target
proteins, (ii) predicting the localization of ligand binding sites on their surfaces, and (iii) assessing the similarity of the predicted
ligands to known drugs. Our kernel currently contains 143 and 297 protein targets from ten pathogen genomes that are
predicted to bind a known drug or a molecule similar to a known drug, respectively. The kernel provides a source of potential
drug targets and drug candidates around which an online open source community can nucleate. Using NMR spectroscopy, we
have experimentally tested our predictions for two of these targets, confirming one and invalidating the other.

Conclusions/Significance: The TDI kernel, which is being offered under the Creative Commons attribution share-alike license
for free and unrestricted use, can be accessed on the World Wide Web at http://www.tropicaldisease.org. We hope that the
kernel will facilitate collaborative efforts towards the discovery of new drugs against parasites that cause tropical diseases.
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Introduction

There is a lack of high-quality protein drug targets and drug leads
for neglected diseases [1,2]. Fortunately, many genomes of
organisms that cause tropical diseases have already been sequenced
and published. Therefore, we are now in a position to leverage this
information by identifying potential protein targets for drug
discovery. Atomic-resolution structures can facilitate this task. In
the absence of an experimentally determined structure, comparative
modeling can provide useful models for sequences that are
detectably related to known protein structures [3,4]. Approximately
half of known protein sequences contain domains that can be
currently predicted by comparative modeling [5,6]. This coverage

will increase as the number of experimentally determined structures
grows and modeling software improves. A protein model can
facilitate at least four important tasks in the early stages of drug
discovery [7]: prioritizing protein targets for drug discovery [8],
identifying binding sites for small molecules [9,10], suggesting drug
leads [11,12], and optimizing these leads [13–15].
Here, we address the first three tasks by assembling our

computer programs into a software pipeline that automatically and
on large-scale predicts protein structures, their ligand binding sites,
and known drugs that interact with them. As a proof of principle,
we applied the pipeline to the genomes of ten organisms that cause
tropical diseases (‘‘target genomes’’). We also experimentally tested
two predicted drug-target interactions using Nuclear Magnetic

www.plosntds.org 1 April 2009 | Volume 3 | Issue 4 | e418
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Thousands of chemical starting points for
antimalarial lead identification
Francisco-Javier Gamo1, Laura M. Sanz1, Jaume Vidal1, Cristina de Cozar1, Emilio Alvarez1, Jose-Luis Lavandera1,
Dana E. Vanderwall2, Darren V. S. Green3, Vinod Kumar4, Samiul Hasan4, James R. Brown4, Catherine E. Peishoff5,
Lon R. Cardon6 & Jose F. Garcia-Bustos1

Malaria is a devastating infection caused by protozoa of the genus Plasmodium. Drug resistance is widespread, no new
chemical class of antimalarials has been introduced into clinical practice since 1996 and there is a recent rise of parasite
strainswith reduced sensitivity to the newest drugs.We screened nearly 2million compounds in GlaxoSmithKline’s chemical
library for inhibitors of P. falciparum, of which 13,533 were confirmed to inhibit parasite growth by at least 80% at 2 mM
concentration. More than 8,000 also showed potent activity against the multidrug resistant strain Dd2. Most (82%)
compounds originate from internal company projects and are new to the malaria community. Analyses using historic assay
data suggest several novel mechanisms of antimalarial action, such as inhibition of protein kinases and host–pathogen
interaction related targets. Chemical structures and associated data are hereby made public to encourage additional drug
lead identification efforts and further research into this disease.

With approximately 243 million cases and 863,000 attributed deaths
reported globally in 2009 (ref. 1), malaria is one of the most severe
infectious diseases, primarily affecting theworld’smost disadvantaged
populations. Of the four typically recognized Plasmodium species
causing disease in humans, Plasmodium falciparum causes most mor-
tality, mainly in children below the age of 5, and Plasmodium vivax
most morbidity, additionally representing a reservoir of latent infec-
tion that hampers current control and future elimination efforts2. No
new class of antimalarials has been introduced into clinical practice
since 1996 (ref. 3), owing to the intrinsic difficulties in discovering
and developing new antimicrobials, as well as a relative lack of public
and private resource commitment towards antimalarial research.
Today, the last class of widely efficacious drugs, the artemisinins,
is being compromised by the rise of P. falciparum strains with
reduced clinical response to artemisinin-containing drug combina-
tions4–6. The genomics revolution has not yet led to new antimalarial
medicines and target-based lead discovery has produced disappoint-
ing results, generally for lack of whole-cell activity as documented
for antibacterials7. To secure that property in all chemical starting
points for new antimalarial leads, we have tested the approximately
2 million-compound library used for high throughput screening at
GlaxoSmithKline (GSK) for inhibitors ofP. falciparum’s intraerythro-
cytic cycle, the Plasmodium species causing the highest mortality and
the parasite growth phase responsible for disease symptoms as well as
being amenable to in vitro culture. Here we describe 13,533 com-
pounds confirmed to inhibit parasite growth by more than 80% at
2mM concentration. Only 15% displayed some cytotoxicity in that
they inhibited proliferation of the HepG2 human hepatoma cell line
bymore than 50%at 10mM.All of these provenplasmodial inhibitors,
of which 82% were previously proprietary and thus unknown to the
general research community, are herebymade public to accelerate the
pace of drug development for malaria.

Tres Cantos antimalarial compound set (TCAMS)

The 1,986,056 compounds present in GSK’s screening collection in
January 2009 were tested for inhibition of P. falciparum 3D7 at 2mM
under in vitro conditions described in Methods. 19,451 primary hits
inhibiting parasite growth by more than 80% were obtained. Fresh
samples of these primary hits were tested in two independent experi-
ments and compounds displaying 80% or higher inhibition of para-
site growth in at least two of the three assay runs were considered
confirmed hits. 13,533 compounds were identified using this pro-
tocol (confirmation rate. 70%). We did not detect any compounds
in this set as non-specific inhibitors of the biochemical readout sys-
tem by testing directly for inhibition of lactate dehydrogenase (LDH)
in P. falciparum extracts (Methods). Evidence of cytotoxicity against
human hepatomaHepG2 cells (a widely used in vitromarker for liver
toxicity8), or interference with the luciferase reporter system used in
the cytotoxicity assay (Methods), was observed in just 1,982 of the
compounds when tested at 10mM. This relative lack of non-specific
cell toxicity is probably due in part to the low (2 mM) primary screen-
ing concentration used9. Estimation of the concentrations producing
50% inhibition of P. falciparum growth (XC50, see Methods) indi-
cated that most compounds are sub-micromolar inhibitors. The full
compound set (TCAMS) and data table (Supplementary Table 1 and
available at http://www.ebi.ac.uk/chemblntd) contains 13,533 com-
pound entries. We have detected 139 of these as variations in salt
form or stereochemistry of 68 parent structures, which make good
internal controls for the biological assay data. They appear as differ-
ent compounds with the same structure.When the stereochemistry is
resolved it shows in the SMILES structural code in Supplementary
Table 1 and in the Chembl-NTD database (http://www.ebi.ac.uk/
chemblntd).

Representatives fromall but one class of clinically used antimalarials
have been recovered in the screen, providing additional validation

1Tres CantosMedicines Development Campus, GlaxoSmithKline, SeveroOchoa 2, 28760 Tres Cantos, Spain. 2Computational and Structural Chemistry, GlaxoSmithKline, FiveMoore
Drive, Research Triangle Park, North Carolina 27709-3398, USA. 3Computational and Structural Chemistry, GlaxoSmithKline, Medicines Research Centre, Gunnels Wood Road,
Hertfordshire, Stevenage SG1 2NY, UK. 4Computational Biology, Quantitative Sciences, GlaxoSmithKline, 1250 South Collegeville Road, Collegeville, Pennsylvania 19426, USA.
5Computational and Structural Chemistry, GlaxoSmithKline, 1250 South Collegeville Road, Collegeville, Pennsylvania 19426, USA. 6Quantitative Sciences, GlaxoSmithKline, 709
Swedeland Road, King of Prussia, Pennsylvania 19406, USA.
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3. Added value of the proposed international collaboration (max. 1/2 page) 

The GeMoA consortium brings together 5 different groups (4 academic and 1 industrial partners) from 
3 different UE countries (Spain, Germany and France).  The IP of the research groups are renowned 
experts in their respective fields.  None of the individual partners alone has the necessary expertise to 
accomplish the research proposed in this project.  As outlined in our WorkPlan, we aim at integrating 
in an iteratively cycle a target-ligand vision with a genome-wide based approach with the broad goal of 
elucidating the mode-of-action for selected compounds.  This is indeed a challenge that can only be 
accomplished by a transnational team with the necessary critical mass of researchers.  Thus, we add 
value to our consortium by: i) combining and integrating diverse disciplines for drug discovery against 
TB (Figure 3.1); ii) bringing together academia and industry to tackle a highly burdening disease such 
TB; iii) exploiting our discoveries with an open approach (Section 4); and iv) establishing the links 
between industry and academy for the development of early-career scientists in drug discovery.  
Finally, our proposal complements other active European initiatives such as lead optimisation (FP7 
ORCHID) and translational approaches (Innovative Medicines Initiative) where both industry (GSK) 
and Academia are involved, with a clear focus on target/mode of action elucidation and exploitation in 
drug discovery. 

 
Figure 3.1 Overview of each partner’s integration within GeMoA and their input expertise 
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Biomolecular structure determination
2D-NOESY data

Chromosome structure determination
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5C technology
http://my5C.umassmed.edu

Dostie et al. Genome Res (2006) vol. 16 (10) pp. 1299-309
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Integrative Modeling
http://www.integrativemodeling.org

P1 P2

P1 P2

P1 P2

these regions (Gruber and Errington, 2009; Sullivan et al., 2009).
Thus, the data presented here, which demonstrate that the
centromeric region of a bacterial chromosome is particularly
compact in vivo, connect SMC’s previously noted effects upon
chromosome segregation and compaction.

Our models also elucidate the detailed arrangement of the
arms of the chromosome and demonstrate that the chromo-
somal arms are arranged in a periodic fashion. Interestingly, a
helical arrangement of newly replicated DNA has been observed
in B. subtilis (Berlatzky et al., 2008). While themechanism behind
such a periodic arrangement in Caulobacter and/or B. subtilis is
yet to be unraveled, such arrangements could represent an
energetic minimum (Maritan et al., 2000). Alternatively, these
highly regular folding patterns could be the consequence of
interactions between the genome and helically arranged cyto-
skeletal proteins such as MreB (Gitai and Shapiro, 2003).

We find that opposite-arm loci equidistant from the parS
elements are aligned at similar positions along the long axis of
the wild-type swarmer cell chromosome structure. However, the
inversions in strains ET163 and ET166 yield regions of the struc-
ture in which opposite-arm loci are no longer well aligned. These
misalignments suggest that there are additional constraints on
the positioning of loci along the long axis of the structure/cell. In
keeping with the segregation-based model posed above, the
inversions in strains ET163 and ET166 could affect the timing of
segregation of opposite arm loci and thereby influence the align-
ment and positioning of the arms of the chromosome.
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Figure 7. The Caulobacter Chromosome Is Free to
Rotate around the Long Cell Axis
(A) Left: Schematic of a Caulobacter swarmer cell indi-

cating the positions of the new and old poles as well as the

dorsal and ventral sides of the cell. Negative and positive

signs refer to the convention used by our image analysis

software. Center: Example micrographs of double-labeled

Caulobacter swarmer cells showing configurations of the

chromosome in which the labeled loci reside on opposite

sides of the cell. Right: Relative positions of the left- and

right-arm markers in three strains marked at different

positions in the chromosome. Circles denote the means of

three experiments, each of which included at least 400

cells. Bars represent 95% confidence intervals of the

mean. The dotted line indicates the expected value for a

distribution in which loci have no preferential localization

along the short axis.

(B) Virtual cell showing the distribution of !200,000 LacI-

CFP foci along the short and long axes of the cell. Left:

Markers on the right arm. Center: Markers on the left arm.

Right: Merge of the two arms. Note that the two arms are

equally distributed along the short cell axis.

Our microscopy studies indicate that loci
have no preferential locations about the short
axis of the cell and therefore that the chromo-
some has no preferential orientation about this
axis. Therefore, the parS sites represent the
only sequence elements that stably anchor the
chromosome to the cell. Such a finding is con-
sistent with recent simulations, which have
illustrated that anchoring near the origin alone

is sufficient to yield the overall linear arrangement of loci
observed in swarmer cells (Buenemann and Lenz, 2010).
However, it remains possible that events such as transertion
(Woldringh, 2002), the simultaneous transcription, translation,
and insertion of membrane proteins into the cellular envelope,
may transiently couple the genome to the membrane.
In eukaryotes the subnuclear localization of genes is some-

times correlated with their expression (Andrulis et al., 1998;
Kosak et al., 2002). In most cases cause-and-effect relationships
for these correlations are unclear. In cases where the subnuclear
position of a gene could be experimentally altered, the resulting
gene expression changes were small (Finlan et al., 2008; Ku-
maran and Spector, 2008). Our observation that genome-wide
rotation resulting from relocalization of the parS sites did not
dramatically alter gene expression is in line with these eukaryotic
studies. Although a number of genes were affected, the effect
was typically less than 2-fold. Thus, the precise position of a
gene along the long axis of the cell does not strongly influence
its expression. Additionally, it is unlikely that the perturbed ge-
nome conformations observed in our inversion strains are the
result of large-scale transcriptional changes. Instead, the struc-
tural changes observed in the strains are likely the result of
changes in the order of loci segregation caused by the move-
ment of the parS sites.
The work presented here illustrates how a comprehensive

studyof genome3Darchitecture canprovide insight into the roles
of sequence elements and fundamental DNA-based processes

Molecular Cell

The 3D Architecture of a Bacterial Genome

262 Molecular Cell 44, 252–264, October 21, 2011 ª2011 Elsevier Inc.
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 169 5C primers on + strand
 170 5C primers on – strand

 28,730 chromatin interactions
~13Kb

The 3D architecture of Caulobacter Crescentus
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5C interaction matrix
ELLIPSOID for Caulobacter cresentus
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3D model building with the 5C + IMP approach
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Genome organization in Caulobacter crescentus
Arms are helical

parS sites 25±17Kb from Oridif site 47±17Kb from Ter
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33

parS sites initiate 
compact chromatin domain
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Moving the parS sites 400 Kb away from Ori

parS

parS
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Moving the parS sites results in whole genome rotation!
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Moving the parS sites results in whole genome rotation!
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Genome architecture in Caulobacter
M.A. Umbarger, et al. Molecular Cell (2011) 44:252–264 
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From Sequence to Function
D. Baù and M.A. Marti-Renom Chromosome Res (2011) 19:25-35.

Function!

Function!
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