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A genome-wide quest for drug
discovery targets against
tropical diseases.

Marc A. Marti-Renom

Monday, December 3, 12

Outline...

COMPARATIVE MODELING

EXAMPLES

THE TROPICAL DISEASE INITIATIVE
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Nomenclature
• Homology: Sharing a common ancestor, may have similar or dissimilar
functions
• Similarity: Score that quantifies the degree of relationship between two
sequences.
• Identity: Fraction of identical aminoacids between two aligned sequences
(case of similarity).
• Target: Sequence corresponding to the protein to be modeled.
• Template: 3D structure/s to be used during protein structure prediction.
• Model: Predicted 3D structure of the target sequence.
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Nomenclature
• Fold: Three dimensional conformation of a
protein sequence (usually at domain level).
• Domain: Structurally globular part of a
protein, which may independently fold.
• Secondary Structure: Regular sub-domain
structures composed by alpha-helices, betasheets and coils (or loops).
• Backbone: Protein structure skeleton
composed by the carbon, nitrogen and
oxygen atoms.
• Side-Chain: Specific atoms identifying each
of the 20 residues types.
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protein prediction .vs. protein determination

X-Ray

Threading

inferred
data

Comparative Modeling

Experimental
data

NMR

Ab-initio
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Why is it useful to know the structure of a protein,
not only its sequence?
The biochemical function (activity) of a protein is defined by its interactions with other
molecules.
The biological function is in large part a consequence of these interactions.
The 3D structure is more informative than sequence because interactions are determined by
residues that are close in space but are frequently distant in sequence.

In addition, since evolution tends to conserve
function and function depends more directly on
structure than on sequence, structure is more
conserved in evolution than sequence.
The net result is that patterns in space are
frequently more recognizable than patterns in
sequence.

6
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Principles of protein structure
GFCHIKAYTRLIMVG…

Anacystis nidulans

Anabaena 7120

Condrus crispus

Desulfovibrio vulgaris

GFCHIKAYTRLIMVG…

Folding (physics)

Evolution (rules)

Ab initio prediction

Threading
Comparative Modeling
D. Baker & A. Sali. Science 294, 93, 2001.
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Comparative modeling by satisfaction of spatial restraints
Start with a
Target Sequence

Given an alignment...

MSVIPKR--GNCEQTSE
ASILPKRLFGNCEQTSD

Template
Search

Target/Template
Alignment

extract spatial features
from the template(s)
and statistics from
known structures

Build model

apply these features
as restraints on your
target sequence
Evaluate model

OK?

optimize to find the
best solution for the
restraints to produce
your 3D model

Output 3D Model
A. Šali & T. Blundell. J. Mol. Biol. 234, 779, 1993.
J.P. Overington & A. Šali. Prot. Sci. 3, 1582, 1994.
A. Fiser, R. Do & A. Šali, Prot. Sci., 9, 1753, 2000.
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Accuracy and applicability
of comparative models
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Comparative modeling by satisfaction of spatial restraints Types of
errors and their impact
25

Wrong fold

20
15
10

Miss alignments

5
0

Loop regions

Rigid body distortions

Side-chain packing
Marti-Renom etal. Ann Rev Biophys Biomol Struct (2000) 29, 291
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“Biological” significance of modeling errors
NMR – X-RAY
Erabutoxin 3ebx
Erabutoxin 1era

NMR
Ileal lipid-binding protein
1eal

CRABPII 1opbB
FABP
1ftpA
ALBP
1lib
40% seq. id.

X-RAY
Interleukin 1β 41bi (2.9Å)
Interleukin 1β 2mib (2.8Å)
11
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Model Accuracy
HIGH ACCURACY

X-RAY

MEDIUM ACCURACY

LOW ACCURACY
EDN Seq id 33%

NM23 Seq id 77%

CRABP Seq id 41%

Cα equiv 147/148
RMSD 0.41Å

Cα equiv 122/137
RMSD 1.34Å

Cα equiv 90/134
RMSD 1.17Å

Sidechains
Core backbone
Loops

Sidechains
Core backbone
Loops
Alignment

Sidechains
Core backbone
Loops
Alignment
Fold assignment

/ MODEL

Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.
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Utility of protein structure models, despite errors

D. Baker & A. Sali. Science 294, 93, 2001.
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90

80

Can we use models to infer function?
M. leprae
M. tuberculosis

70

% modeled

60

C. parvum

P. falciparum
L. major

50

40

C. hominis

P. vivax

T. brucei
T. cruzi

30

20

T. gondii
10
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What is the physiological ligand of Brain
Lipid-Binding Protein?
Predicting features of a model that are not present in the template
BLBP/oleic acid

BLBP/docosahexaenoic acid

Cavity is not filled

Cavity is filled

Ligand binding
cavity

1. BLBP binds fatty acids.

2. Build a 3D model.

3. Find the fatty acid that fits
most snuggly into the ligand
binding cavity.

L. Xu, R. Sánchez, A. Šali, N. Heintz, J. Biol. Chem. 271, 24711, 1996.
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Do mast cell proteases bind proteoglycans? Where? When?

Predicting features of a model that are not present in the template
1. mMCPs bind negatively charged
proteoglycans through electrostatic
interactions
2. Comparative models used to find clusters
of positively charged surface residues.
3. Tested by site-directed mutagenesis..

Huang et al. J. Clin. Immunol. 18,169,1998.
Matsumoto et al. J.Biol.Chem. 270,19524,1995.
Šali et al. J. Biol. Chem. 268, 9023, 1993.

+
Native mMCP-7 at pH=5 (His )
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Native mMCP-7 at pH=7 (His0)

Structural analysis of missense mutations
in human BRCA1 BRCT domains
Mirkovic et al. Structure-based assessment of missense mutations in human BRCA1: implications for breast and ovarian cancer predisposition.
Cancer Res (2004) vol. 64 (11) pp. 3790-7

[CANCER RESEARCH 64, 3790 –3797, June 1, 2004]

Structure-Based Assessment of Missense Mutations in Human BRCA1: Implications
for Breast and Ovarian Cancer Predisposition
Nebojsa Mirkovic,1 Marc A. Marti-Renom,2 Barbara L. Weber,3 Andrej Sali,2 and Alvaro N. A. Monteiro4,5
1
Laboratory of Molecular Biophysics, Pels Family Center for Biochemistry and Structural Biology, Rockefeller University, New York, New York; 2Departments of
Biopharmaceutical Sciences and Pharmaceutical Chemistry, and California Institute for Quantitative Biomedical Research, University of California at San Francisco, San
Francisco, California; 3Abramson Family Cancer Research Institute, University of Pennsylvania, Philadelphia, Pennsylvania; 4Strang Cancer Prevention Center, New York, New
York; and 5Department of Cell and Developmental Biology, Weill Medical College of Cornell University, New York, New York

ABSTRACT
The BRCA1 gene from individuals at risk of breast and ovarian cancers
can be screened for the presence of mutations. However, the cancer
association of most alleles carrying missense mutations is unknown, thus
creating significant problems for genetic counseling. To increase our
ability to identify cancer-associated mutations in BRCA1, we set out to use
the principles of protein three-dimensional structure as well as the correlation between the cancer-associated mutations and those that abolish
transcriptional activation. Thirty-one of 37 missense mutations of known
impact on the transcriptional activation function of BRCA1 are readily
rationalized in structural terms. Loss-of-function mutations involve nonconservative changes in the core of the BRCA1 C-terminus (BRCT) fold
or are localized in a groove that presumably forms a binding site involved
in the transcriptional activation by BRCA1; mutations that do not abolish
transcriptional activation are either conservative changes in the core or
are on the surface outside of the putative binding site. Next, structurebased rules for predicting functional consequences of a given missense
mutation were applied to 57 germ-line BRCA1 variants of unknown
cancer association. Such a structure-based approach may be helpful in an
integrated effort to identify mutations that predispose individuals to
cancer.

INTRODUCTION
Many germ-line mutations in the human BRCA1 gene are associated with inherited breast and ovarian cancers (1, 2). This information
has allowed clinicians and genetic counselors to identify individuals at
high risk for developing cancer. However, the disease association of
over 350 missense mutations remains unclear, primarily because their
relatively low frequency and ethnic specificity limit the usefulness of
the population-based statistical approaches to identifying cancer-causing mutations. To address this problem, we use here the threedimensional structure of the human BRCA1 BRCT domains to assess
the transcriptional activation functions of BRCA1 mutants. Our study
is made possible by the recently determined sequences (3– 6) and
three-dimensional structures of the BRCA1 homologs (7, 8). In addition, we benefited from prior studies that attempted to rationalize and
predict functional effects of mutations in various proteins (9 –12),
including those of BRCA1 (13, 14).
BRCA1 is a nuclear protein that activates transcription and facilitates DNA damage repair (15, 16). The tandem BRCT domains at the
Received 9/24/03; revised 1/30/04; accepted 3/15/04.
Grant support: This work was supported by Lee Kaplan Foundation, the Fashion
Footwear Association of New York/QVC; United States Army award DAMD17-99-19389 and NIH CA92309 (A. N. A. M.); the Mathers Foundation, Sandler Family Supporting Foundation, Sun, IBM and Intel (A. S.); and NIH GM 54762 GM61390 (A. S.);
and the Breast Cancer Research Foundation (B. L. W.). M. A. M-R. is a Rockefeller
University Presidential Postdoctoral Fellow; A. S. is an Irma T. Hirschl Trust Career
Scientist; and B. L. W. is an Abramson Investigator.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.
Note: The authors declare that they have no competing financial interests. Supplemental data for this article are available at Cancer Research Online (http:
cancerres@aacrjournals.org).
Requests for reprints: Alvaro N. A. Monteiro, H. Lee Moffitt Cancer Center and
Research Institute, MRC 3 West, 12902 Magnolia Drive, Tampa, FL 33612. Phone:
(813) 745-6321; Fax: (813) 903-6847; E-mail: monteian@moffitt.usf.edu.

COOH-terminus of BRCA1 are involved in several of its functions,
including modulation of the activity of several transcription factors
(15), binding to the RNA polymerase II holoenzyme (17), and activating transcription of a reporter gene when fused to a heterologous
DNA-binding domain (18, 19). Importantly, cancer-associated mutations in the BRCT domains, but not benign polymorphisms, inactivate
transcriptional activation and binding to RNA polymerase II (18 –21).
These observations suggest that abolishing the transcriptional activation function of BRCA1 leads to tumor development and provides a
genetic framework for characterization of BRCA1 BRCT variants.

MATERIALS AND METHODS
The multiple sequence alignment (MSA) of orthologous BRCA1 BRCT
domains from seven species, including Homo sapiens (GenBank accession
number U14680), Pan troglodytes (AF207822), Mus musculus (U68174),
Rattus norvegicus (AF036760), Gallus gallus (AF355273), Canis familiaris
(U50709), and Xenopus laevis (AF416868), was obtained by using program
ClustalW (22) and contains only one gapped position (Supplementary Fig. 1).
According to PSI-BLAST (23), the latter six sequences are the only sequences
in the nonredundant protein sequence database at National Center for Biotechnology Information that have between 30% and 90% sequence identity to the
human BRCA1 BRCT domains (residues 1649 –1859).
The multiple structure-based alignment of the native structures of the
BRCT-like domains was obtained by the SALIGN command in MODELLER
(Supplementary Fig. 2). It included the experimentally determined structures
of the two human BRCA1 BRCT domains (Protein Data Bank code 1JNX;
Refs. 8, 24), rat BRCA1 BRCT domains (1L0B; Ref. 7), human p53-binding
protein (1KZY; Ref. 7), human DNA-ligase III! (1IMO; Ref. 25), and human
XRCC1 protein (1CDZ; Ref. 13). Structure variability was defined by the
root-mean-square deviation among the superposed C! positions, as calculated
by the COMPARE command of MODELLER. The purpose of these calculations was to gain insight into the variability of surface-exposed residues (left
panel in Fig. 2). In conjunction with observed mutation clustering, these data
may point to putative functional site(s) on the surface of BRCT repeats.
Comparative protein structure modeling by satisfaction of spatial restraints,
implemented in the program MODELLER-6 (26), was used to produce a
three-dimensional model for each of the 94 mutants. The crystallographic
structure of the human wild-type BRCA1 BRCT domains was used as the
template for modeling (8). The four residues missing in the crystallographic
structure (1694 and 1817–1819) were modeled de novo (27). All of the models
are available in the BRCA1 model set deposited in our ModBase database of
comparative protein structure models (28).6
For the native structure of the human BRCT tandem repeat and each of the
94 mutant models, a number of sequence and structure features were calculated. These features were used in the classification tree in Fig. 3 (values for
all 94 mutations are given in Supplementary Tables 1 and 2).
Buriedness. Accessible surface area of an amino acid residue was calculated by the program DSSP (29) and normalized by the maximum accessible
surface area for the corresponding amino acid residue type. A residue was
considered exposed if its accessible surface area was larger than 40Å2 and if
its relative accessible surface area was larger than 9% and buried otherwise. A
mutation of a more exposed residue is less likely to change the structure and
therefore its function.
6

http://salilab.org/modbase/.
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Human BRCA1 and its two BRCT domains
RING

NLS

Globular regions
Nonglobular regions

BRCT

200 aa

BRCA1 BRCT repeats, 1jnx

Williams, Green, Glover. Nat.Struct.Biol. 8, 838, 2001
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Missense mutations in BRCT domains by function
cancer
associated

no transcription
activation

transcription
activation

?

not cancer
associated

?
M1652K
L1657P
E1660G
H1686Q
R1699Q
K1702E
Y1703HF
1704S

C1697R
R1699W
A1708E
S1715R
P1749R
M1775R

L1705PS
1715NS1
722FF17
34LG173
8EG1743
RA1752P
F1761I

F1761S
M1775E
M1775K
L1780P
I1807S
V1833E
A1843T

V1665M
D1692N
G1706A
D1733G
M1775V
P1806A

M1652I
A1669S

M1652T
V1653M
L1664P
T1685A
T1685I
M1689R
D1692Y
F1695L
V1696L
R1699L
G1706E
W1718C

W1718S
T1720A
W1730S
F1734S
E1735K
V1736A
G1738R
D1739E
D1739G
D1739Y
V1741G
H1746N

R1751P
R1751Q
R1758G
L1764P
I1766S
P1771L
T1773S
P1776S
D1778N
D1778G
D1778H
M1783T

C1787S
G1788D
G1788V
G1803A
V1804D
V1808A
V1809A
V1809F
V1810G
Q1811R
P1812S
N1819S

A1823T
V1833M
W1837R
W1837G
S1841N
A1843P
T1852S
P1856T
P1859R
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START
buried

“Decision” tree for predicting
functional impact
of genetic
non-rigid (≥-0.7)
variants

buriedness

neighborhood
rigidity

functional site

rigid (<-0.7)
YES

residue rigidity
non-rigid (≥-0.7)

rigid (< -0.7)

volume change
≥90A3

volume change

≥30A3

volume change

-

<60A3

-

charge change

-

NO

<30A3

≥60A3

<90A3

-

exposed

YES

-

NO
2 class
polarity change
0 or 1 class
≥0

mutation likelihood
<0

non 0

other information
(helix breaker, turn
breaker)
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phylogenetic entropy
YES
NO

0

-

+
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Putative binding site on BRCA1

Putative binding site predicted in 2003
and accepted for publication on March 2004.

Williams et al. 2004 Nature Structure Biology. June 2004 11:519
Mirkovic et al. 2004 Cancer Research. June 2004 64:3790
22
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Common Evolutionary Origin of Coated Vesicles
and Nuclear Pore Complexes
mGenThreader + SALIGN + MOULDER

D. Devos, S. Dokudovskaya, F. Alber, R. Williams, B.T. Chait, A. Sali, M.P. Rout.
Components of Coated Vesicles and Nuclear Pore Complexes Share a Common Molecular Architecture.
PLOS Biology 2(12):e380, 2004
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yNup84 complex proteins
Nuclear Pore Complexes and Coated Vesicles

ubcomplex

n A-tagged
mplex. Each
us, all the
ept for the
eads). The
epicted in
nd to those
Monday, December 3, 12

Figure 3. Predicted Secondary Structure Maps of the Nup84 Subcomplex

All Nucleoporins in the Nup84 Complex are Predicted to
Contain β-Propeller and/or α-Solenoid Folds

Monday, December 3, 12

NPC and Coated Vesicles Share the β-Propeller and αSolenoid Folds and Associate with Membranes

Nu

-N and -C indicate amino-terminal and carboxyl-terminal domains, respectively. The classificatio
crystallography data (clathrin, a-adaptin, b2-adaptin [PDB codes 1gw5, 1bpo, 1b89 (ter Haar et al. 1
homology modeling presented here (yNup84 complex proteins; ySec13 also in Saxena et al. [1996]), o
secondary structure prediction and preliminary analyses (COPI I (sec31) complex proteins [Schledze
DOI: 10.1371/journal.pbio.0020380.g004
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Attachment at the nuclear pore membrane
The membrane rings form a discrete region of the NPC, containing
the three pore membrane proteins Pom152, Pom34 and Ndc1. It is
the core scaffold’s inner rings that interact with the membrane
rings, thus anchoring the NPC to the pore membrane (Fig. 2). A
component of the membrane rings (Pom152) homo-oligomerizes
at its C terminus to form the ring that equatorially bounds the
NPC in the perinuclear lumen14. This luminal portion consists of
the C-terminal part of Pom152, containing domains predicted to
assume the cadherin fold18. Members of the cadherin family are
transmembrane receptors that form homophilic binding interfaces29,
probably accounting for the oligomeric luminal ring. Perhaps the
NPC carries the remnants of an ancient transmembrane receptor,
still attached to its vesicle-coating complex.
Transport factor docking sites and nucleocytoplasmic transport
The transport function of the NPC appears to be mediated mainly by
the FG nucleoporins. The FG-repeat regions within each FG nucleoporin provide the NPC’s docking sites for transport factor–cargo
complexes1,30–33. The FG nucleoporins and especially their unstructured FG-repeat regions are the least specified part of our structure.
Nevertheless, we can still draw conclusions concerning the localization of the FG-repeat regions by using a simplified representation14. Because these regions can adopt many different possible
configurations in our calculations, on averaging they produce a cloud
of low density surrounding their structurally resolved attachment
sites, collectively filling and surrounding the central channel and
extending into the nucleoplasm and cytoplasm (Figs 1 and 4). This
spatial distribution of FG-repeat regions is consistent with ‘virtual
gating’ models explaining the mechanism of nucleocytoplasmic
transport6,31, in which the FG-repeat density represents an effective
exclusion filter for macromolecular particles that do not contain FGrepeat binding sites, but is permeable to transport factors that do
possess these sites2,6,31,34–39. Thus, the cloud of FG-repeat regions

β-Propeller

forms a zone of selectivity around and across the NPC. The cloud
thins radially from the walls of the central channel to the Z-axis,
limiting the effective diameter of the central channel (Figs 1 and 4).
In our structure, this diameter is less than 10 nm, similar to the
maximal size of particles that can freely diffuse between the nucleoplasmic and cytoplasmic compartments2. Actively transporting
cargo–transport factor complexes can displace this diffuse cloud,
with the very largest pushing the cloud to the sides of the central
channel up to the channel’s maximum diameter of ,38 nm.
Nic96 and Nup82 provide anchor points for most of the FG
nucleoporins, with connections also being made to the inner ring
(Fig. 2). The FG nucleoporins can be divided into three groups
according to their localization in the NPC: those that are attached
mainly or exclusively to the cytoplasmic or nucleoplasmic side of
the NPC, and those attached symmetrically on both sides (Fig. 4)6.
The distributions of these groups of FG-repeat regions overlap
heavily, consistent with the observed long reach of the individual
FG-repeat regions40,41. The overlap suggests that a transport factor
attached to one FG nucleoporin can readily exchange with many
other surrounding FG nucleoporins, thus facilitating rapid transit
across the NPC.
In contrast to most of the FG nucleoporins, a few transport factor
binding sites (in particular Nup53 and Nup59) also face the pore
membrane such that they are readily accessible to membrane proteins, as has been previously suggested42. These nucleoporins could
mediate the transport of transmembrane proteins, in agreement with
recent studies showing that active transport is responsible for the
translocation of integral membrane proteins from the outer to the
inner nuclear membrane43,44.
Modular duplication in the evolution of the NPC
A striking pattern is revealed when we map the nucleoporins into our
NPC structure based on their previously assigned fold types18. We
find that each spoke can be divided into two parallel columns, in

α-Solenoid

1 Nup192, 2 Nup188, 3 Nup170, 4 Nup157, 5 Nup133,
6 Nup120, 7 Nup85, 8 Nup84, 9 Nup145C, 10 Seh1, 11 Sec13

Core scaffold

Nuclear envelope
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Figure 3 | The core scaffold as a membrane-coating complex. We show

5 10 7
5 11
89 6 8
9
4
13 2 1 3
31 4 3
9 2 69
11 8
7
8
8
7
5
6 15
3 1 4 3
3
3
4 1
9 6 8 9
5
5
7

176-nucleoporin core scaffold, which is shown in three views related by the

A Common Evolutionary Origin for
Nuclear Pore Complexes and Coated Vesicles?
The proto-coatomer hypothesis

A simple coating module containing minimal
copies of the two conserved folds evolved in
proto-eukaryotes to bend membranes.
The progenitor of the NPC arose from a
membrane-coating module that wrapped
extensions of an early ER around the cell’s
chromatin.
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Tropical Disease Initiative (TDI)
Predicting binding sites in protein structure models.

http://www.tropicaldisease.org
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TDI
a
story
TDI a story

2004
2004
.Steve Maurer (Berkeley) & Arti Rai (Du
.Steve Maurer (Berkeley) and Arti Rai (Duke)
.PLoS Medicine, Dec. 2004. Vol 1(3):e56
.PLoS Medicine, Dec. 2004. Vol 1(3):e56

2005
2005
web site http://www.tropicaldiseas
.TDI web site.TDI
http://TropicalDisease.org
.Ginger
and
The Synaptic Leap
.Ginger Taylor
and TheTaylor
Synaptic
Leap

2006
2006
.Maurer and .Maurer
Sali 41th in
& “50
SaliWho
are Matter”
41th in “50 Who Matte
.TSL web site.http://www.thesynapticleap.org
http://TheSynapticLeap.org
2008
2007-2008
.TDI kernel http://TropicalDisease.org/kernel
.KERNEL?
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Initial feed-back...
14 Mar 2005
I think TDI is a unique and very interesting project. I would like so much to make something for
16 Feb 2005
it...
So, where are we going? What's happening? WhatHi,
can we do?
10 Feb 2005
It would be interesting to know what, if any, the bottlenecks are?
I still trust in open source drug discovery. :-))
The Wiki site contains many interesting ideas and potential avenues to explore,
Hello,
from what
I can at
see
it is lacking
an Action
Plan!
My name is Adam Huber and I ambut
a medical
student
UNSW
in Sydney
Australia.
Luca Brivio
I am interested in beginning research focused on tropical and infectious
Regards,
disease for underserved populations
(A mission that seemingly matches TDI). I am,
Jacob Lester
however, confused.
9 Mar 2005
If someone will tell me where to sign up and give me some research topics to
I'm a programmer, not a bioinformatician, but I stumbled across your site and thought I'd say something to keep
begin on, I'd be greatful.
the list active :)
Thank you kindly,
GNU started with RMS. He gave us programming/administration tools to play with.
Adam Huber
Linux started with Linus. He released an operating system for us to play with.
You need someone great in the field to release something for everyone to 'play with'. Then people start
sending patches...

19 Jan 2005

I know this is chicken-egg, but someone needs to point this out, since I haven't seen this brought up in the
papers or the website.

If we do the science well, I'm optimistic that the rest
of TDI will fall into place.

And you might consider merging into the bios.net effort mentioned already. Together, you just might reach the
critical mass for things to take off. Consider this like when people jumped off the HURD project to come
together and make linux work.
Daniel Amelang

Stephen Mark Maurer
31
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Open Source without a Kernel?
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Drug Discovery pipeline
Cumulative cost
Success rate

Pre Lead
Target & Lead
identification

Year 1

Year 2

Lead
optimization

Year 3

Preclinical

Year 4

Year 5

Phase I

Year 6

Phase II

Year 7

Year 8

Phase III

Year 9

Year 10

Year 11

Year 12

Registration

Target & Lead identification
Computational Biology
Target
Inhibitors
Compounds

Iterative Bio/Med chemistry
Validated hits

Leads

Drug candidates

Adapted from: - Nwaka & Ridley. (2003) Nature Reviews. Drug Discovery. 2:919
- Austin, Brady, Insel & collins. (2004) Science. 306:1138
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Drug Discovery pipeline
Cumulative cost
Success rate

shorter time...

Pre Lead

TDI

Target & Lead
identification

Year 1

Year 2

Lead
optimization

Preclinical

Year 4

Year 5

Phase I

Year 6

Phase II

Year 7

Year 8

Year 9

Phase III

+ 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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Year 3

Year 10

R

TDI flowchart
databases of genome sequences
database of protein structures
virtual ligand libraries
PubMed, journals

other databases

sequence similarity searches
protein structure modeling
literature searches

VIRTUAL
PHARMA

protein-ligand docking

functional annotation

COMPUTING

TDI

leads

TOXICITY AND
PHARMACOKINETIC
EVALUATION

TARGET DISCOVERY
LEAD DISCOVERY
LEAD OPTIMIZATION

synthetic chemistry

and other
development
organizations

CLINICAL STUDIES
DRUG PRODUCTION

compound libraries

drugs

high-throughput screening

CHEMISTRY
protein production

protein engineering

substrate specificity studies
structural biology

target validation
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Non-Profit organizations
Open-Source + Out-Source = low cost business model
PE R S PEC T I V E S
Exploratory

Discovery
Lead
identification

Lead
optimization

PSAC
antagonist

Dihydrofolate
reductase

Novel
macrolides

Pf enoyl-ACP
reductase
(Fab i)

New
dicationic
molecules

4(1H)pyridones
Backups

Cyclofarnesyl
sequiterpenes

Pf protein
farnesyltransferase
(Pf-PFT)

Falcipain
(cysteine
protease)

Next
generation
antimalarials

Entantioselective
8-aminoquinolines

Preclinical
Transition

Clinical development
Phase I

Isoquine
(improved
aminoquinoline)

Phase II

OZ + PQP
RBx11160/
OZ277
+ piperaquine

Phase III

Chlorproguanildapsone
(Lapdap)
-artesunate (CDA)

AQ-13 new
aminoquinoline

Paediatric
coartem

Pyronaridine–
artesunate

EuArtekin (dihydroartemisinin–piperaquine)

Novel
imidazolidine
-diones
MMV active support ended

MMV/GSK portfolio

New projects to be added

Figure 1 | Portfolio of the Medicines for Malaria Venture. PSAC, plasmodial surface anion
channel.

to entice developers to create applications
for their product, possibly in the hope of
turning it into a ‘platform’. Some of them
have been quite successful at turning opensource into profits. Red Hat, for instance,
has attained a US$5-billion market cap from
selling support services for Linux.

Can it work for drugs?
If biomedical scientists could adapt the
open-source model, it could make a huge
difference to such projects as developing
drugs for neglected diseases, for which
4
needs are great
Monday, December
3, 12but funds are scarce . Only

has been accumulated. That knowledge
acquisition can take years or decades, with no
way to know at the outset whether the store
of knowledge at hand is nearly sufficient or
will require years of painstaking additional
research before innovation can thrive.
Software development is also simpler:
it spans only a few disciplines and has no
equivalent to clinical trials. For the most
part, a single programmer can master all the
skills needed to write a program from start
to finish. By contrast, drug development
requires coordination of multiple specialties
with little overlap. Biomedical knowledge,

('fhe`[Yji^c9C9^Éhedgi[da^d!'%%-

the achievements of others, and errors can
be patched without requiring the rewrite of
the whole program.
With drugs, onePreclinical
careDiscovery
S
LO
less worker
canLScompromise
years of work
costing Nitroimidazoles
tens of million of dollars. Azoles (Chagas)
(All) two industries follow different
Finally, the
Amphotericin B Polymer (VL)
Microtubule
intellectual
property
regimes.
Software
is
Inhibitors (HAT)
Buparvaquone (VL)
HAT
protectedGSK
by(All)
copyrights
that arise automatiConsortium
Fexinidazole (HAT)
Scynexis
Pace
Univ if nothing is
cally as Kitasato
code Natural
is written,
even
Substances
(HAT)
filed. Drug
research
isVL
protected by patents
Consortium
Advinus,
CDRI (HAT)
that are costly to file and
CDRI maintain, and
Eskitis Natural
for which
meeting
the
legal standards that
Chagas
Products (HAT)
Consortium
CDCO, harder.
define innovation
is much
IPK (VL)
Epichem,
Exploratory
Screening:
Anacor,
Chemroutes,
Univ of Ouro
Preto, Fiocruz,
IICB,
6 IRD,
LSHTM, MerLion
Otsuka,7,8
STI, TDR,
Univ of Antwerp,
Univ of Dundee
WEHI, and other
partners

Murdoch
Univ,
Univ of Ouro
Preto

Open-source biomedical research
Early efforts. Despite these differences, the
open-source idea has entered biomedical
made in bioresearch . The first inroads were
HAT: Human African trypanosomiasis
VL: Visceral leishmaniasis
expected.
informatics , as might have been
All: HAT,
VL, and Chagas
These efforts resulted in a collection of programs such as Biojava, BioPerl, BioPython,
Bio-SPICE, BioRuby and Simple Molecular
Mechanics for Proteins9, and inspired other
initiatives such as the Human Genome
Project, the SNP Consortium, the Alliance
for Cellular Signaling, BioForge, GMOD
and Massachusetts Institute of Technology’s
BioBricks (some of these have the transparency and feel of open-source, although the
resources needed to get involved do not allow
all volunteers to participate; however, we still
call them ‘open-source’).

Clinical

Available to Patients

Paromomycin
(VL in Africa)
AmBisome
(VL in Africa)
Paediatric Benznidazole
(Chagas)
Combination Therapy
(VL in India)
Nifurtimox-Eflornithine
Co-Administration (HAT)

ASMQ (Malaria)

Fixed-Dose
Artesunate/Mefloquine

ASAQ (Malaria)

Fixed-Dose
Artesunate/Amodiaquine

An old idea. One could argue that there has
long been an active, if invisible, collabora- Munos (2006) Nature Reviews. Drug Discovery.
tive process akin to open-source in drug
36development, as, for some diseases, half10
of all prescriptions are for off-label uses .
Somehow, physicians share their ideas and

Need is High in the Tail
DALY Burden Per Disease in Developed Countries
DALY Burden Per Disease in Developing Countries
Heart diseases

Rare diseases
DALY

Disease
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.

Monday, December 3, 12

Need is High in the Tail
DALY Burden Per Disease in Developed Countries
DALY Burden Per Disease in Developing Countries
Heart diseases

Rare diseases
DALY

Disease
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.

Monday, December 3, 12

“Unprofitable” Diseases
and Global DALY (in 1000’s)
Malaria*

46,486

Trichuriasis

1,006

Tetanus

7,074

Japanese encephalitis

709

Lymphatic filariasis*

5,777

Chagas Disease*

667

Syphilis

4,200

Dengue*

616

Trachoma

2,329

Onchocerciasis*

484

Leishmaniasis*

2,090

Leprosy*

199

Ascariasis

1,817

Diphtheria

185

Schistosomiasis*

1,702

Poliomyelitise

151

Trypanosomiasis*

1,525

Hookworm disease

59

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.
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DBAliv2.0 database
http://www.dbali.org
Multiple

Multiple alignment result

DBAli
Search

Pairwise
Pairwise alignment result

Get all similar
e-mail
Table of structural similarities

Tools

DBAlit!

AnnoLite

AnnoLyze

Fast annotations result

Full annotations result

ModClus from list
Multiple alignment result

Special
pages

Structural Genomics

ModClus from chain

Download

SALIGN

Statistics

ModDom

Cluster results

Domain assignments

Marti-Renom et al. BMC Bioinformatics (2007) Volume 8. Suppl S4
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AnnoLyze

Method

DBAli tools

Chain ID

Similar chains in DBAli
RMSD < 4A
% Seq Id >20%
% Equivalent positions >75%
p-value >4

AnnoLyze search
LigBase protein
ligands

Selection based on local
similarity
% Seq Id >20%
% Equivalent positions >75%

Ligands from
LigBase are
collected and
binding sites
annotated based
on the spatial
proximity to the
ligand

PiBase protein
partners
Interations from
PiBase are
collected and
interaction
patches
annotated based
on the spatial
proximity
between domains

HTML output
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AnnoLyze

Scoring function
Ligands

Partners
Protein Interaction Versus
Sequence Divergence
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Aloy et al. (2003) J.Mol.Biol. 332(5):989-98.
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AnnoLyze

Benchmark
Number of chains
Initial set*
LigBase**
Non-redundant set***

78,167
30,126
4,948 (8,846 ligands)

*all PDB chains larger than 30 aminoacids in length (8th of August, 2006)
**annotated with at least one ligand in the LigBase database
***not two chains can be structurally aligned within 3A, superimposing more than 75% of their Cα atoms, result in
a sequence alignment with more than 30% identity, and have a length difference inferior to 50aa

Number of chains
Initial set*
πBase**
Non-redundant set***

78,167
30,425
4,613 (11,641 partnerships)

*all PDB chains larger than 30 aminoacids in length (8th of August, 2006)
**annotated with at least one partner in the πBase database
***not two chains can be structurally aligned within 3A, superimposing more than 75% of their Cα atoms, result in
a sequence alignment with more than 30% identity, and have a length difference inferior to 50aa
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AnnoLyze

Sensitivity .vs. Precision

Ligands

Optimal cut-off

Sensitivity (%)

30%

71.9

Recall or TPR

Sensitivity =

Precision (%)

13.7
TP
TP + FN

Precision =

TP
TP + FP

~90-95% of residues correctly predicted
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c

Comparative docking
2. Inheritance

co-crystalized protein/ligand

model

GFCHIKAYTRLIMVG…

1. Modeling

crystalized
protein
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template

Anacystis nidulans

Anabaena 7120

Condrus crispus

Desulfovibrio vulgaris

Expansion

Modeling Genomes
data from models generated by ModPipe (Eswar, Pieper & Sali)
100

% good
% bad

90

80

M. leprae
M. tuberculosis

70

H. sapiens

% modeled

60

C. parvum

P. falciparum
L. major

50

40

C. hominis

P. vivax

T. brucei
T. cruzi

30

20

T. gondii
10

0
0

5.000

10.000

15.000
20.000
Transcripts

25.000

30.000

35.000

A good model has MPQS of 1.0 or higher
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Summary table
models with inherited ligands
29,271 targets with good models, 297 inherited a ligand/substance
similar to a known drug in DrugBank
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

68,877

29,271

11,714

3,499

297

143

TOTAL
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L. major Histone deacetylase 2 + Vorinostat
Template 1t64A a human HDAC8 protein.
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L. major Histone deacetylase 2 + Vorinostat
Literature
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*†, A NNE M. GURNETT*, ROBERT W. MYERS*, PAULA M. DULSKI*,
TAMI M. CRUMLEY*, JOHN J. A LLOCCO*, CHRISTINE CANNOVA*, PETER T. MEINKE‡, STEVEN L. COLLETTI‡,
MARIA A. BEDNAREK‡, SHEO B. SINGH§, MICHAEL A. GOETZ§, A NNE 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(Nworldwide routinely employ chemical prophylaxis to prevent
serious coccidiosis outbreaks. Resistance to currently available
O-methyl- L -tr yptophanyl- L -isoleucinyl- D -pipecolinyl- L -2coccidiostats is prevalent, and new anticoccidial agents are
amino-8-oxodecanoyl)], that exhibits potent, broad spectrum
ANTIMICROBIAL
A
GENTS
AND
C
HEMOTHERAPY
,
Apr.
2004,
p.
1435–1436
Vol.of48,abortion
No. 4
needed.
T. gondii is an important cause
and
antiprotozoal activity in vitro against Apicomplexan parasites
0066-4804/04/$08.00!0
DOI:
10.1128/AAC.48.4.1435–1436.2004
morbidity in livestock, especially sheep and goats (6), and
has been identified. It is also orally and parenterally active in
Copyright © 2004, American Society for Microbiology. All Rights Reserved.
species of Cryptosporidium cause widespread and rapidly transvivo against Plasmodium berghei malaria in mice. Many Apimitted diarrheal illness in several mammalian hosts, especially
complexan parasites cause serious, life-threatening human
calves, neonatal lambs and goats, and young foals (7).
and animal diseases, such as malaria, cryptosporidiosis,
In this paper, a novel natural product, apicidin [cyclo(N-Otoxoplasmosis, and coccidiosis, and new therapeutic agents
Antimalarial
and
Antileishmanial
Activities
of
Aroyl-Pyrrolyl-Hydroxyamides,
methyl-L-tryptophanyl-L-isoleucinyl-D-pipecolinyl-La-2-aminoare urgently needed. Apicidin’s antiparasitic activity appears
New
Class
of Histone
Deacetylase
Inhibitors
8-oxodecanoyl)],
that has broad spectrum activity against the
inhibition
of Apicomplexan
histone
to be due to low nanomolar
Apicomplexan parasites is described, and experimental evideacetylase (HDA), which induces hyperacetylation of hisdence that demonstrates that this compound kills parasites by
tones in treated parasites. The acetylation–deacetylation of
parum inhibiting
was determined
a parasite(HDA),
lactate adehydrogenase
Members of the genus Leishmania are parasitic protozoans
histonebydeacetylase
key nuclear enzyme
histones is a thought to play a central role in transcriptional
assay using
Malstat
reagent
(9).
Chloroquine
was
used as the
that infect about two million people per annum (5), and they
involved in transcriptional control, is provided.
control
in
eukaryotic
cells.
Other
known
HDA
inhibitors
were
positive control, while dimethyl sulfoxide was tested as the
are emerging as serious opportunistic infective agents in hualso
evaluated
and
found
to
possess
antiparasitic
activity,
negative control. Suberoylanilide hydroxamic acid (SAHA)
man immunodeficiency virus-infected patients (4). Malaria
suggesting
that
HDA
is
an
attractive
target
for
the
developMATERIALS
AND METHODS
and trichostatin A (TSA),
two well-known
HDAC inhibitors,
parasites are responsible for 1.5 to 2.7 million deaths annually,
ment
of
novel
antiparasitic
agents.
were also Source
tested. Antileishmanial
of compounds
1 to 10
primarily in Africa (10). The effort to find new antimalarial
of Compoundsactivity
and Organisms.
[3H]Apicidin
A
(Table (2-N-desmethoxy[
1) was tested on 3aH]apicidin,
transgenic specific
cell lineactivity
of Leishmania
agents is still a high priority given the increasing malaria emer18.7 mCi mg; 1
Monday, December 3, 12Protozoan parasites of the subphylum Apicomplexa remain

P. falciparum tymidylate kinase + zidovudine
Template 3tmkA a yeast tymidylate kinase.
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P. falciparum tymydilate kinase + zidovudine
NMR Water-LOGSY and STD experiments

ATM

8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4

Zidovudine

ppm

7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2

ppm

dTMP

7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4

ppm

Leticia Ortí, Rodrigo J. Carbajo, and Antonio Pineda-Lucena
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TDI’s kernel
http://tropicaldisease.org/kernel
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TDI’s kernel
http://tropicaldisease.org/kernel
L. Orti et al., PLoS Negl Trop Dis 3, e418 (2009).

L. Orti et al., Nat Biotechnol 27, 320 (Apr, 2009).
CORRESPONDENCE

© 2009 Nature America, Inc. All rights reserved.

A kernel for the Tropical Disease Initiative

A Kernel for Open Source Drug Discovery in Tropical
Diseases

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 alreadyapproved 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 smallmolecule 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,
Figure 1 TDI kernel snapshot of the web page for the
target validation, lead discovery,
Plasmodium falciparum thymidylate kinase target (http://
lead optimization and clinical
tropicaldisease.org/kernel/q8i4s1/). Our computational pipeline
trials. Two of the kernel targets
predicted that thymidylate kinase from P. falciparum binds
ATM (3´-azido-3´-deoxythymidine-5´-monophosphate), a suprawere tested for their binding
structure of the zidovudine drug approved for the treatment of
to a known drug by NMR
HIV infection. The binding of this ligand to a site on the kinase
spectroscopy, validating one
was experimentally validated by one-dimensional Water-LOGSY9
of our predictions (Fig. 1 and
and saturation transfer difference10 NMR experiments.
Supplementary Data online).
It is difficult to assess the
accuracy of our computational
predictions based on this limited
open source context, where results are made
experimental testing. Thus, we encourage
available with limited or no restrictions.
other investigators to donate their expertise
A freely downloadable version of the TDI
and facilities to test additional predictions.
kernel is available in accordance with the
We hope the testing will occur within the
Science Commons protocol for implementing
open access data (http://sciencecommons.
org/projects/publishing/open-access-dataprotocol/), which prescribes standard
Table 1 TDI kernel genomes
academic attribution and facilitates tracking
Organisma
Transcriptsb
Modeled targetsc Similard
Exacte
of work but imposes no other restrictions. We
Cryptosporidium hominis
3,886
666
20
13
do not seek intellectual property rights in the
Cryptosporidium parvum
3,806
742
24
13
actual discoveries based on the TDI kernel, in
8,274
1,409
43
20
Leishmania major
the hope of reinvigorating drug discovery for
1,605
893
25
6
Mycobacterium leprae
neglected tropical diseases8. By minimizing
1,608
30
10
Mycobacterium tuberculosis 3,991
restrictions on the data, including viral terms
5,363
818
28
13
Plasmodium falciparum
that would be inherited by all derivative
5,342
822
24
13
Plasmodium vivax
works, we hope to attract as many eyeballs as
we possibly can to use and improve the kernel.
Toxoplasma gondii
7,793
300
13
6
Although many of the drugs in the kernel are
19,607
3,070
51
28
Trypanosoma cruzi
proprietary under diverse types of rights, we
9,210
1,386
39
21
Trypanosoma brucei
believe that the existence of public domain
Total
68,877
11,714
297
143
pairs of targets and compounds will reduce
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).
the royalties that patent owners can charge
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
and sponsors must pay. This should decrease
drug in DrugBank12. eNumber of modeled targets with at least one predicted binding site for a molecule in DrugBank.
the large sums of money governments and
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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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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

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
1
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