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Structural Bioinformatics
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• Estructura y biofísica de ácidos nucleicos y proteínas! 25 febrero (DD)
• Bases de datos de estructura de proteínas, ácidos nucleicos y pequeñas moléculas!   11 marzo (DD)
• Alineamiento y clasificación de estructura!   25 marzo (DD)
• Predicción de estructura tridimensional de ácidos nucleicos y proteínas!  15 abril (DD)

David Dufour

Francisco Martínez

• Docking de pequeñas moléculas en la superficie de estructura de proteínas!  29 abril (FM)
• Aplicaciones para el desarrollo de nuevos fármacos!   13 mayo (FM)
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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, beta-
sheets 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
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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.
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Principles of protein structure

Anabaena 7120

Anacystis nidulans

C
ondrus crispus

D
esulfovibrio vulgaris

Evolution (rules)
Threading 

Comparative Modeling

Folding (physics)
Ab initio prediction

D. Baker & A. Sali. Science 294, 93, 2001.
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Comparative modeling by satisfaction of spatial restraints

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.

Start with a 
Target Sequence

Template 
Search

Target/Template 
Alignment

Build model

Evaluate model

OK?

Output 3D Model

MSVIPKR--GNCEQTSE

ASILPKRLFGNCEQTSD
Given an alignment...

extract spatial features

from the template(s)

and statistics from

known structures

apply these features

as restraints on your 

target sequence

optimize to find the 

best solution for the

restraints to produce 

your 3D model
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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
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Wrong fold

Miss alignments

Loop regions

Rigid body distortions

Side-chain packing

Marti-Renom etal. Ann Rev Biophys Biomol Struct (2000) 29, 291
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CRABPII  1opbB
FABP       1ftpA
ALBP       1lib
40% seq. id.

X-RAY
Interleukin 1β  41bi  (2.9Å)
Interleukin 1β  2mib (2.8Å)

NMR – X-RAY
Erabutoxin  3ebx
Erabutoxin  1era

NMR
Ileal lipid-binding protein 

1eal

“Biological” significance of modeling errors
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Model Accuracy

Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.

MEDIUM ACCURACY LOW ACCURACYHIGH ACCURACY

NM23   Seq id  77% CRABP   Seq id  41%
EDN  Seq id  33%

X-RAY /  MODEL

Sidechains
Core backbone

Loops

Cα equiv 147/148
RMSD 0.41Å

Sidechains
Core backbone

Loops
Alignment

Cα equiv 122/137
RMSD 1.34Å

Sidechains
Core backbone

Loops
Alignment

Fold assignment

Cα equiv 90/134
RMSD 1.17Å
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Utility of protein structure models, despite errors

D. Baker & A. Sali. Science 294, 93, 2001.
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Can we use models to infer function?
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What is the physiological ligand of Brain 
Lipid-Binding Protein?

L. Xu, R. Sánchez, A. Šali, N. Heintz, J. Biol. Chem. 271, 24711, 1996.

BLBP/docosahexaenoic acidBLBP/oleic acid

Ligand binding 
cavity

Cavity is not filled Cavity is filled

1. BLBP binds fatty acids.

2. Build a 3D model.

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

binding cavity.

Predicting features of a model that are not present in the template
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Do mast cell proteases bind proteoglycans? Where? When? 

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

Predicting features of a model that are not present in the template
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Structural analysis of missense mutations 
in human BRCA1 BRCT domains
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[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
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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 corre-

lation 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 non-

conservative 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, structure-

based 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 associ-
ated 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-caus-
ing mutations. To address this problem, we use here the three-
dimensional 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 addi-
tion, 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 facili-

tates DNA damage repair (15, 16). The tandem BRCT domains at the

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 acti-
vating transcription of a reporter gene when fused to a heterologous
DNA-binding domain (18, 19). Importantly, cancer-associated muta-
tions 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 activa-
tion 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 Biotech-
nology 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 calcula-
tions 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 calcu-
lated. 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 calcu-

lated 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.

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 DAMD17-99-1-
9389 and NIH CA92309 (A. N. A. M.); the Mathers Foundation, Sandler Family Sup-
porting 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. Supple-

mental 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. 6 http://salilab.org/modbase/.

3790

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

Monday, February 18, 13



200 aa

RING NLS BRCT

Globular regions
Nonglobular regions

BRCA1 BRCT repeats, 1jnx

Human BRCA1 and its two BRCT domains

Williams, Green, Glover. Nat.Struct.Biol. 8, 838, 2001
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“Decision” tree for predicting 
functional impact

of genetic
variants
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Putative binding site on BRCA1

Williams et al. 2004 Nature Structure Biology. June 2004 11:519

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

Mirkovic et al. 2004 Cancer Research. June 2004 64:3790
23

Monday, February 18, 13



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

assignment (helix, strand, other). This agreement is the
maximum possible level of consistency, given the approx-
imately 75% accuracy of the secondary structure prediction
methods (Koh et al. 2003).

Finally, we provide direct biochemical evidence in support
of our fold assignments, using proteolytic mapping of domain
boundaries and loop locations in the seven nups (see Figure
2). Tagged nups were purified from yeast extracts and
incubated with the endoproteinases Asp-N (which hydrolyzes
peptide bonds at the amino side of aspartic acid) or Lys-C
(which hydrolyzes peptide bonds at the carboxylic side of
lysines) while still attached to the magnetic beads via their
proteolytically resistant tags. After digestion, proteolytic
fragments that remained attached to the beads were

separated by SDS-PAGE, and cleavage sites were determined
either by molecular weight estimation of the fragments or by
amino-terminal Edman sequencing (Table 2). The regions
predicted to form b-propellers were, as expected, extremely
resistant to proteolysis (see Figure 2) (Kirchhausen and
Harrison 1984; Saxena et al. 1996). On the whole, the
predicted a-solenoid regions were also resistant to proteol-

Table 1. Nup84 Subcomplex Proteins are Composed of Two Fold Types

yNup Size (Number of Residues) Modeled fragment Fold Percentage Identitya Z-scoreb

Nup133 1,157 1–300 b-propeller 10 –8.0
Nup133 1,157 601–1,141 a-solenoid 8 –9.5
Nup120 1,037 1–398 b-propeller 7 –6.9
Nup120 1,037 531–1,011 a-solenoid 10 –8.6
Nup85 744 203–744 a-solenoid 10 –11.8
Nup84 726 301–726 a-solenoid 9 –10.9
Nup145C 712 234–690 a-solenoid 13 –10.4
Seh1 349 1–349 b-propeller 16 –5.7
Sec13 297 1–297 b-propeller 6 –4.8

A list of the best scoring models for domains in the proteins of the Nup84 subcomplex in yeast. For Nup84, Nup85 and Nup145C, about 200 amino-terminal residues were
not modeled. However, secondary structure predictions, hydropathy profiles, and threading of the yeast proteins and their homologs suggest that most of the unmodeled
portion of these proteins also adopt the solenoid fold. For Nup120 and Nup133, we were unable to model, respectively, 133 and 299 amino-terminal residues. Secondary
structure predictions suggest extensions or variations to the typical b-propeller and the a-solenoid folds.
aPercentage identity between the aligned sequence of the nup and its template.
bZ-score of the comparative model based on the alignment indicated by percentage identity (number of residues) (Melo et al. 2002) (Tables S1–S6).
DOI: 10.1371/journal.pbio.0020380.t001

Figure 2. Proteolytic Domain Map of the Yeast Nup84 Subcomplex
Proteins

Immunoblots of limited proteolysis digests for Protein A-tagged
versions of each of the seven nups in the yNup84 subcomplex. Each
protein is detected via its carboxyl-terminal tag; thus, all the
fragments visualized are amino-terminal truncations (except for the
full length proteins, which are indicated by arrowheads). The
fragments of the Asp-N and Lys-C protease digests depicted in
Figure 2 are labeled with letters (A, B, C. . .) that correspond to those
in Table 2, and the terminal Protein A fragments are labeled with an
X (the Protein A tag is resistant to proteolysis). The sizes of marker
proteins are indicated in kilodaltons (kDa) to the right of the gel.
DOI: 10.1371/journal.pbio.0020380.g002

Figure 3. Predicted Secondary Structure Maps of the Nup84 Subcomplex
Proteins

Thin horizontal lines represent the primary sequence of each
protein; secondary structure predictions are shown as columns above
each line for b-strands (b-propellers; cyan) and a-helices (a-solenoids;
magenta). The height of the columns is proportional to the
confidence of the secondary structure prediction (McGuffin et al.
2000). The modeled regions are indicated above each sequence by
horizontal dark bars, corresponding to the models in Figure 1.
Proteolytic cleavage sites are identified by small, medium, and large
arrows for weak, medium, and strong susceptibility sites, respectively.
Where necessary, uncertainties in the precise cleavage positions are
indicated above the arrows by horizontal bars.
DOI: 10.1371/journal.pbio.0020380.sg003

PLoS Biology | www.plosbiology.org December 2004 | Volume 2 | Issue 12 | e3800003

Nuclear Pore Complexes and Coated Vesicles
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All Nucleoporins in the Nup84 Complex are Predicted to 
Contain β-Propeller and/or α-Solenoid Folds 
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NPC and Coated Vesicles Share the β-Propeller and α-
Solenoid Folds and Associate with Membranes

The lack of detectable sequence similarity between the
proteins in the yNup84/vNup107–160 subcomplex and the
coated vesicles is not surprising. Sequence comparisons of a-
solenoid- and b-propeller-containing proteins suggest that
these folds arose just before or around the time of the origin
of eukaryotes, then rapidly duplicated and diversified
(Cingolani et al. 1999; Smith et al. 1999; Andrade et al.
2001b). Both folds consist of repetitive structures, so the
functional constraints on an individual repeat are weak,
compared with the whole fold domain. It has been proposed
that the robustness of these folds with respect to changes in
their sequences permits their component repeats to individ-
ually lose their sequence similarity, eventually allowing the
proteins they comprise to drift into new functions (Malik et

al. 1997; Smith et al. 1999; Andrade et al. 2001a; Andrade et al.
2001b). Moreover, the lack of detectable sequence similarity
for members of the same fold family is not necessarily an
indicator of convergent evolution; obvious sequence similar-
ities are often lost during long periods of evolution (e.g., FtsZ
and tubulin or MreB and actin [Amos et al. 2004]). The
divergent pathway is also consistent with the conservation
among members of the syntaxin family (key components of
the vesicular transport machinery), which points to a similar
early origin and rapid diversification of the eukaryotic
endomembrane system (Dacks and Doolittle 2002; Dacks
and Field 2004). Based on these observations, we propose a
single evolutionary origin for the structures maintaining both
the endomembrane systems and the nucleus (Figure 5) over
models suggesting separate or even endosymbiotic origins for
these structures.
The current protocoatomer hypothesis posits that a simple

coating module containing minimal copies of the two
conserved folds evolved in protoeukaryotes as a mechanism
to bend membranes into sharply curved sheets and invagi-
nated tubules (Figure 5). The ability to so manipulate cell
membranes represented a major evolutionary innovation
that allowed, among other possibilities, the elaboration of
internal membranes, phagotrophy, and endosymbiosis (May-
nard Smith and Szathmâary 1997); the importance of this
ability is underscored by the presence of numerous types of
membrane-curving devices in modern eukaryotes. As with
clathrin, the flexibility of the a-solenoid in this simple module
enabled the formation of curved membranes of various sizes.
In addition, the a-solenoid repeat structure, together with the
repeats in the b-propeller fold, provided the coating module
with a large binding area. These features allowed the
membrane-curving module to polymerize and form a coat,
as well as to interact with other membrane-associated
proteins. The endomembranes and their membrane-coating
modules subsequently evolved to become more elaborate and
specialized, with the partitioning of different functions into
separate, interconnected compartments such as the ER, the
Golgi, and the nucleus (Figure 5), each with their own
specialized set of coating modules.
In conclusion, we suggest that the progenitor of the NPC

arose from a membrane-coating module that wrapped
extensions of an early ER around the cell’s chromatin. In

Figure 4. The Nup84 Complex and Coated
Vesicles Share a Common Architecture

A diagram showing the organization of
the clathrin/AP-2 coated vesicle complex
is shown at left; the positions of clathrin
and the adaptin AP-2 large subunits (a,
b2 plus ‘‘ear’’ domains) and small sub-
units (r, l) are indicated. b-propeller
regions are colored cyan, a-solenoid
regions are colored magenta, and sample
ribbon models for each fold are shown in
the center. The variants of each fold that
are found as domains in major compo-
nents of the three kinds of vesicle-coat-
ing complexes and the yNup84
subcomplex are listed on the right. The

-N and -C indicate amino-terminal and carboxyl-terminal domains, respectively. The classification of these domains is based on X-ray
crystallography data (clathrin, a-adaptin, b2-adaptin [PDB codes 1gw5, 1bpo, 1b89 (ter Haar et al. 1998; Collins et al. 2002)]), by the detailed
homology modeling presented here (yNup84 complex proteins; ySec13 also in Saxena et al. [1996]), or by sequence homology or unpublished
secondary structure prediction and preliminary analyses (COPI I (sec31) complex proteins [Schledzewski et al. 1999], Sec31).
DOI: 10.1371/journal.pbio.0020380.g004

Figure 5. Proposed Model for the Evolution of Coated Vesicles and
Nuclear Pore Complexes

Early eukaryotes (left) acquired a membrane-curving protein module
(purple) that allowed them to mold their plasma membrane into
internal compartments and structures. Modern eukaryotes have
diversified this membrane-curving module into many specialized
functions (right), such as endocytosis (orange), ER and Golgi trans-
port (green and brown), and NPC formation (blue). This module
(pink) has been retained in both NPCs (right bottom) and coated
vesicles (left bottom), as it is needed to stabilize curved membranes in
both cases.
DOI: 10.1371/journal.pbio.0020380.g005

PLoS Biology | www.plosbiology.org December 2004 | Volume 2 | Issue 12 | e3800006

Nuclear Pore Complexes and Coated Vesicles
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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 nucleo-
porin provide the NPC’s docking sites for transport factor–cargo
complexes1,30–33. The FG nucleoporins and especially their unstruc-
tured FG-repeat regions are the least specified part of our structure.
Nevertheless, we can still draw conclusions concerning the locali-
zation of the FG-repeat regions by using a simplified representa-
tion14. 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 FG-
repeat binding sites, but is permeable to transport factors that do
possess these sites2,6,31,34–39. Thus, the cloud of FG-repeat regions

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 nucleo-
plasmic 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 pro-
teins, 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 wemap 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
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1 Nup192, 2 Nup188, 3 Nup170, 4 Nup157, 5 Nup133,
6 Nup120, 7 Nup85, 8 Nup84, 9 Nup145C, 10 Seh1, 11 Sec13

Figure 3 | The core scaffold as a membrane-coating complex. We show
here the outer and inner ring nucleoporins comprising the core scaffold. The
linker nucleoporins, FG nucleoporins and membrane ring are omitted for
clarity. At the top of the left panel are shown the fold types comprising the
nucleoporins of the core scaffold: Nup84, Nup85, Nup145C, Nup188 and
Nup192 consist mainly of a-solenoid folds (pink); Sec13 and Seh1 are
composed of b-propeller folds (cyan); Nup120, Nup133, Nup157 and
Nup170 contain both N-terminal b-propeller folds and C-terminal
a-solenoid folds (blue), an arrangement shared with clathrin and Sec31.
Each of these nucleoporins is present in 16 copies to make the full

176-nucleoporin core scaffold, which is shown in three views related by the
indicated rotation around an axis parallel with the NPC’s equatorial plane.
The localization volumes of all the a-solenoid nucleoporins (pink), all
b-propeller nucleoporins (cyan), and all clathrin-like nucleoporins (blue)
are indicated. The clathrin-like nucleoporins appear to be located at the
outer surface of the core scaffold, adjacent to the surface of the nuclear
envelope’s pore membrane. Numbers on the middle panel indicate the
approximate positions of each nucleoporin. The scale bar indicates the
standard deviation of the distance between a pair of neighbouring proteins
in the 1,000 best-scoring configurations14.
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NPC model

NPC and Coated Vesicles Both Associate 
with Membranes

Nup 84 complex

Coated
Vesicle

The lack of detectable sequence similarity between the
proteins in the yNup84/vNup107–160 subcomplex and the
coated vesicles is not surprising. Sequence comparisons of a-
solenoid- and b-propeller-containing proteins suggest that
these folds arose just before or around the time of the origin
of eukaryotes, then rapidly duplicated and diversified
(Cingolani et al. 1999; Smith et al. 1999; Andrade et al.
2001b). Both folds consist of repetitive structures, so the
functional constraints on an individual repeat are weak,
compared with the whole fold domain. It has been proposed
that the robustness of these folds with respect to changes in
their sequences permits their component repeats to individ-
ually lose their sequence similarity, eventually allowing the
proteins they comprise to drift into new functions (Malik et

al. 1997; Smith et al. 1999; Andrade et al. 2001a; Andrade et al.
2001b). Moreover, the lack of detectable sequence similarity
for members of the same fold family is not necessarily an
indicator of convergent evolution; obvious sequence similar-
ities are often lost during long periods of evolution (e.g., FtsZ
and tubulin or MreB and actin [Amos et al. 2004]). The
divergent pathway is also consistent with the conservation
among members of the syntaxin family (key components of
the vesicular transport machinery), which points to a similar
early origin and rapid diversification of the eukaryotic
endomembrane system (Dacks and Doolittle 2002; Dacks
and Field 2004). Based on these observations, we propose a
single evolutionary origin for the structures maintaining both
the endomembrane systems and the nucleus (Figure 5) over
models suggesting separate or even endosymbiotic origins for
these structures.
The current protocoatomer hypothesis posits that a simple

coating module containing minimal copies of the two
conserved folds evolved in protoeukaryotes as a mechanism
to bend membranes into sharply curved sheets and invagi-
nated tubules (Figure 5). The ability to so manipulate cell
membranes represented a major evolutionary innovation
that allowed, among other possibilities, the elaboration of
internal membranes, phagotrophy, and endosymbiosis (May-
nard Smith and Szathmâary 1997); the importance of this
ability is underscored by the presence of numerous types of
membrane-curving devices in modern eukaryotes. As with
clathrin, the flexibility of the a-solenoid in this simple module
enabled the formation of curved membranes of various sizes.
In addition, the a-solenoid repeat structure, together with the
repeats in the b-propeller fold, provided the coating module
with a large binding area. These features allowed the
membrane-curving module to polymerize and form a coat,
as well as to interact with other membrane-associated
proteins. The endomembranes and their membrane-coating
modules subsequently evolved to become more elaborate and
specialized, with the partitioning of different functions into
separate, interconnected compartments such as the ER, the
Golgi, and the nucleus (Figure 5), each with their own
specialized set of coating modules.
In conclusion, we suggest that the progenitor of the NPC

arose from a membrane-coating module that wrapped
extensions of an early ER around the cell’s chromatin. In

Figure 4. The Nup84 Complex and Coated
Vesicles Share a Common Architecture

A diagram showing the organization of
the clathrin/AP-2 coated vesicle complex
is shown at left; the positions of clathrin
and the adaptin AP-2 large subunits (a,
b2 plus ‘‘ear’’ domains) and small sub-
units (r, l) are indicated. b-propeller
regions are colored cyan, a-solenoid
regions are colored magenta, and sample
ribbon models for each fold are shown in
the center. The variants of each fold that
are found as domains in major compo-
nents of the three kinds of vesicle-coat-
ing complexes and the yNup84
subcomplex are listed on the right. The

-N and -C indicate amino-terminal and carboxyl-terminal domains, respectively. The classification of these domains is based on X-ray
crystallography data (clathrin, a-adaptin, b2-adaptin [PDB codes 1gw5, 1bpo, 1b89 (ter Haar et al. 1998; Collins et al. 2002)]), by the detailed
homology modeling presented here (yNup84 complex proteins; ySec13 also in Saxena et al. [1996]), or by sequence homology or unpublished
secondary structure prediction and preliminary analyses (COPI I (sec31) complex proteins [Schledzewski et al. 1999], Sec31).
DOI: 10.1371/journal.pbio.0020380.g004

Figure 5. Proposed Model for the Evolution of Coated Vesicles and
Nuclear Pore Complexes

Early eukaryotes (left) acquired a membrane-curving protein module
(purple) that allowed them to mold their plasma membrane into
internal compartments and structures. Modern eukaryotes have
diversified this membrane-curving module into many specialized
functions (right), such as endocytosis (orange), ER and Golgi trans-
port (green and brown), and NPC formation (blue). This module
(pink) has been retained in both NPCs (right bottom) and coated
vesicles (left bottom), as it is needed to stabilize curved membranes in
both cases.
DOI: 10.1371/journal.pbio.0020380.g005
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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.

A Common Evolutionary Origin for 
Nuclear  Pore Complexes and Coated Vesicles?

The proto-coatomer hypothesis
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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

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

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

2006
.Maurer and Sali 41th in “50 Who Matter”
.TSL web site http://TheSynapticLeap.org

2008
.TDI kernel http://TropicalDisease.org/kernel
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19 Jan 2005

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

Stephen Mark Maurer
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14 Mar 2005

I think TDI is a unique and very interesting project. I would like so much to make something for 
it...

So, where are we going? What's happening? What can we do?

I still trust in open source drug discovery. :-))

Luca Brivio

16 Feb 2005

Hi,

It would be interesting to know what, if any, the bottlenecks are?
The Wiki site contains many interesting ideas and potential avenues to explore,
but from what I can see it is lacking an Action Plan!

Regards,
Jacob Lester

10 Feb 2005

Hello, 
My name is Adam Huber and I am a medical student at UNSW in Sydney Australia. 
I am interested in beginning research focused on tropical and infectious 
disease for underserved populations (A mission that seemingly matches TDI). I am, 
however, confused.
If someone will tell me where to sign up and give me some research topics to 
begin on, I'd be greatful.

Thank you kindly,
Adam Huber

9 Mar 2005
I'm a programmer, not a bioinformatician, but I stumbled across your site and thought I'd say something to keep 
the list active :)

GNU started with RMS. He gave us programming/administration tools to play with.
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...

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.

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 

Initial feed-back...
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Open Source without a Kernel?
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Drug Discovery pipeline

Pre Lead Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12

Cumulative cost
Success rate

Target & Lead
identification RegistrationPhase IIIPhase IIPhase IPreclinical

Lead 
optimization

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

Target & Lead identification

Computational Biology
Target Inhibitors

Iterative Bio/Med chemistry

Validated hits Leads Drug candidates
Compounds
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Drug Discovery pipeline

Pre Lead Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12

Cumulative cost
Success rate

RegistrationPhase IIIPhase IIPhase IPreclinical
Lead 

optimization
Target & Lead
identification

shorter time...

T
D
I

+ 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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databases of genome sequences

database of protein structures

virtual ligand libraries

PubMed, journals other databases

literature searches
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protein structure modeling
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Non-Profit organizations
Open-Source + Out-Source = low cost business model
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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 open-
source 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 
needs are great but funds are scarce4. Only 
10% of R&D resources are spent on illnesses 
that represent 90% of the burden of disease. 
Open-source drug R&D might not change 
that equation, but could make it possible 
to get much more from that 10%.

There are, however, significant barriers to 
the deployment of open-source approaches 
to drug R&D5. One is economic. All it takes 
to write open-source software is a laptop and 
an internet connection. With drug research, 
someone must pay for laboratory expenses 
and clinical trials. And the costs are high, at 
more than US$800 million for the discovery 
and development of a novel drug by most 
estimates.

Research dynamics between the two indus-
tries also differ. Software development does 
not have a discovery phase. Once the objective 
is set, programmers set to work and make 
steady progress towards their goal. By contrast, 
drug discovery cannot flourish until a certain 
amount of knowledge about the target disease 

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, 
which grows at the rate of 1,000 publications 
per day, must be peer-reviewed and repli-
cated before it is accepted. All this is slow 
and enormously expensive.

Drug R&D can go off-track more easily 
than software programming. Biologists 
can get mired in the complexity of biology 
without ever making much progress towards 
a drug — chemists handed the wrong target 
cannot do much good no matter how hard 
they try; inadequate toxicology can derail 
a compound late in development, or even 
after launch. One misstep along the way can 
render all downstream work useless.

In contrast to drug developers, software 
publishers are lightly regulated. They do 
not need FDA approval. The quality stand-
ards they face are far less onerous than the 
minutia of Good Laboratory Practice 
(GLP), Good Clinical Practice (GCP) and 
Good Manufacturing Practice (GMP). 
One sloppy programmer seldom jeopardizes 

the achievements of others, and errors can 
be patched without requiring the rewrite of 
the whole program. With drugs, one care-
less worker can compromise years of work 
costing tens of million of dollars.

Finally, the two industries follow different 
intellectual property regimes. Software is 
protected by copyrights that arise automati-
cally as code is written, even if nothing is 
filed. Drug research is protected by patents 
that are costly to file and maintain, and 
for which meeting the legal standards that 
define innovation is much harder.

Open-source biomedical research

Early efforts. Despite these differences, the 
open-source idea has entered biomedical 
research6. The first inroads were made in bio-
informatics7,8, as might have been expected. 
These efforts resulted in a collection of pro-
grams 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 transpar-
ency 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’).

An old idea. One could argue that there has 
long been an active, if invisible, collabora-
tive process akin to open-source in drug 
development, as, for some diseases, half 
of all prescriptions are for off-label uses10. 
Somehow, physicians share their ideas and 
experiences informally to uncover novel 
uses for existing medicines. For instance, 
oncologists routinely use drugs approved for 
one kind of cancer to treat other types. In a 
recent study, DeMonaco11 found that 59% of 
drug therapy innovations were discovered 
by practicing clinicians via field discovery. 
The way by which physicians uncover these 
new indications is quick and inexpensive 
compared with Phase III trials. From an eco-
nomic and medical standpoint, there would 
be merit in exploiting these clinical observa-
tions and sharing them with physicians as a 
complement to, or replacement for, some of 
the traditional clinical development.

Public–private partnerships. Taking a different 
approach, a new kind of organization, known 
as the public–private partnership (PPP), has 
recently developed a clever virtual business 
model that emulates the collaborative features 
of the open-source concept12. An example is 

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

channel.

PERSPECTIVES

2 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/drugdisc

Munos (2006) Nature Reviews. Drug Discovery.
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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.
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Heart 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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DBAlit!
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ModClus from list

ModClus from chain

SALIGN
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Pairwise  alignment result

Table of structural similarities

Multiple alignment result
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Full annotations result
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Cluster results

e-mail

Multiple
Multiple alignment result

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

DBAliv2.0 database
http://www.dbali.org
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HTML output

AnnoLyze search

Selection based on local 
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% Seq Id >20%

% Equivalent positions >75%
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Scoring function
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AnnoLyze

Aloy et al. (2003) J.Mol.Biol. 332(5):989-98.

interactions are mainly due to the artifacts men-
tioned above (e.g. crystal packing and homo-
multimers). Fusions, on the other hand, are rarely
similar: only 783 out of 24,049 (or 35 out of 468 for
the different fold subset) have iRMSD values
below 5, and we could find no clear relationship
between sequence and interaction similarity. This
suggests that one should also exercise caution
when inferring a domain–domain interaction
between separate proteins based on a similar pair
of domains in a single polypeptide (e.g. see Aloy
et al.28), particularly when identities are low. This
has some bearing on the proposal to use gene
fusion events to predict protein–protein
interactions,29 or fused domain combinations in a
structural genomics initiative to uncover 3D
structures for interacting domains.30 A few
examples of fusions are also discussed below.

Studying specific interactions

The general trends can give a guide to the degree
of sequence similarity needed to be confident in a

similar interaction. However, it is also often
informative to consider a specific interaction, as
would arise in modelling or other studies
involving a few protein families. For some
domain–domain interactions, the data in Figure 2
show that interactions are preserved even at very
low sequence identities, whereas for others the
situation is reversed. For example, if one considers
PID , 20% for the P-loop ATPase superfamily
(c.37.1) interacting with the ubiquitin-like super-
family (d.15.1) all four interactions (c-Raf1 RBD,
1c1y; RalGDS, 1lfd; PI3K, 1he8; kinase byr2, 1k8r)
are similar (iRMSD , 7 Å). In contrast, the five
interactions between the P-loop ATPases and PH
domains (b.55.1; 2 interactions in Dbs, 1kz7; GEF
of TIAM1, 1foe; Nup358, 1rrp), only two of the
eight interactions with PID , 20% have
iRMSD , 10 Å, with the others showing great
differences, iRMSD as high as 18 Å with clearly
different binding surfaces.
There are obviously too many different interact-

ing domain pairs to discuss in detail. However, it
is possible to plot iRMSD versus sequence identity

Figure 2. Plots showing interaction RMSD (iRMSD) versus percentage sequence identity (PID). (A) All the inter-
actions coloured according to their SCOP classification: Family in red, Superfamily in Green and Fold in blue. (B) The
same for the different fold subset. Inset plots the interactions derived from the Pfam/PDB intersection. (C) All the
interactions coloured according to whether or not the domains are in the same polypeptide chain: intermolecular in
red, intramolecular in green and fusions in blue. (D) The same for the different fold subset. Curves show the 90th
and 80th percentiles (i.e. 90% and 80% of the data below the curve). The gap between PID ! 0 and 1 is because the
number of structurally equivalent residues is often much smaller than 100, making values between 0 and 1 rare.

Protein Interaction Versus Sequence Divergence 993Ligands Partners
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Benchmark
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AnnoLyze

Number of chains

Initial set* 78,167
LigBase** 30,126

Non-redundant set*** 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* 78,167
πBase** 30,425

Non-redundant set*** 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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Sensitivity .vs. Precision

Optimal cut-off Sensitivity (%)
Recall or TPR

Precision (%)

Ligands 30% 71.9 13.7

Precision = TP
TP + FP

Sensitivity = TP
TP + FN

AnnoLyze

~90-95% of residues correctly predicted

Marti-Renom et al. BMC Bioinformatics (2007) Volume 8. Suppl S4
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Comparative docking
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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
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L. major Histone deacetylase 2 + Vorinostat 
Template 1t64A a human HDAC8 protein. 
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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*,
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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 tymydilate kinase + zidovudine 
NMR Water-LOGSY  and STD experiments

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

ATM Zidovudine

6.46.66.87.07.27.47.67.8 mpp0.8 6.26.46.66.87.07.27.47.67.8 ppm

6.46.66.87.07.27.47.67.8 ppm

dTMP
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TDI’s kernel
http://tropicaldisease.org/kernel

L. Orti et al., Nat Biotechnol 27, 320 (Apr, 2009). L. Orti et al., PLoS Negl Trop Dis 3, e418 (2009).
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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 
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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
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