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EXAMPLES

THE TROPICAL DISEASE INITIATIVE



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.



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.



protein prediction .vs. protein determination

X-Ray

NMR

Comparative Modeling
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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.
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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.




Principles of protein structure

GFCHIKAYTRLIMVG..

sLebinA ouqinoynsaqg
ugnpiu sipshoeuy

n

N
(~ y lL j‘*‘ | § &%} >~ \‘L
VU . .

Folding (physics) Evolution (rules)

Ab initio prediction Threading
Comparative Modeling

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



Comparative modeling by satisfaction of spatial restraints

Start with a
Target Sequence
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Comparative modeling by satisfaction of spatial restraints Types of
errors and their impact
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“Biological” significance of modeling errors

NMR - X-RAY
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Model Accuracy

HIGH ACCURACY LOW ACCURACY
EDN
NM23 CRABP e
Seqid 77% Seqid 41% Seqid 33%
Ca equiv 147/148 Ca equiv 122/137 Ca equiv 90/134
RMSD 0.41A RMSD 1.34A RMSD 1.17A
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Sidechains Core backbone
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/ MODEL Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.



Utility of protein structure models, despite errors
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tructural 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
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ABSTRACT

The BRCAI 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 BRCAI, 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 it of a given mi
mutation were applied to 57 germ-line BRCAI 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 BRCA/I 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 BRCAI (13, 14).

BRCALI is a nuclear protein that activates transcription and facili-
tates DNA damage repair (15, 16). The tandem BRCT domains at the
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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 IT (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 (1LOB: Ref. 7), human p53-binding
protein (IKZY: Ref. 7). human DNA-ligase Illa (1IMO: Ref. 25), and human
XRCC1 protein (1CDZ; Ref. 13). Structure variability was defined by the
root-mean-square deviation among the superposed Ca 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 BRCAI 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).°

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 ions are given in 'y 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
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S exposed if its accessible surface area was larger than 40A% 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.

© http://salilab.org/modbase/.

3790

Cancer
Research

13



Human BRCA1 and its two BRCT domains
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Williams, Green, Glover. Nat.Struct.Biol. 8, 838, 2001
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Missense mutations in BRCT domains by function
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Putative binding site on BRCAT1

hBRCAl-Bret-1/2
hMDC1-Brect-1/2
hPTIP-Brct-4/5
hBARD1~BRCT~1/2

hBRCAl-Bretl/2
hMDC1~-Bret-1/2
hPTIP-Bret-4/5%
hBARD1-BRCT~1/2

hBRCAl-Brct2/2
hMDC1~Bret-1/2
hPTIP-Brct-5/5
hBARD1~-BRCT-2/2

hBRCAl-Brct2/2
hMDC1~-Bret-2/2
hPTIP-Brct-5/5
hBARD1-BRCT-2/2

1646
1891

826
571

1703

1937
880
620

1762
1997
940
673

1813
2046

999
728

N-terminal BRCT

1702
1936
879%
619

1761
1996
939%
672

1812

2045
998
727

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
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Common Evolutionary Origin of Coated Vesicles
and Nuclear Pore Complexes

mGenThreader + SALIGN + MOULDER



YNup84 complex proteins
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All Nucleoporins in the Nup84 Complex are Predicted to
Contain p-Propeller and/or a-Solenoid Folds
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NPC and Coated Vesicles Share the p-Propeller and o-
Solenoid Folds and Associate with Membranes

EXAMPLE
Clathrin/AP-2 Complex

Claﬂirin

AP-2
Complex

Beta
Propeller

Alpha
Helical
Solenoid

VARIANTS
CCVs COPI COPII
Clathrin-N o-subunit-N Sec13
B'-subunit-N (Seh1)
Sec31-N
Clathrin-C c-subunit-C Sec31-C

o/y/d/e-subunit  B'-subunit-C
B-subunits B-subunit
y-subunit

NPC

Sec13
Seh1
Nup133-N
Nup120-N

Nup133-C
Nup120-C
Nup85
Nup84
Nup145C



NPC and Coated Vesicles Both Associate
with Membranes

Coated NPC model
Vesicle

O
\/

-Propeller a-Solenoid
p

Nup 84 complex

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

Core scaffold

Alber et al. The molecular architecture of the nuclear pore complex. Nature (2007) vol. 450 (7170) pp. 695-701



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

Prokaryote Early Eukaryote = Modern Eukaryote

A simple coating module containing minimal
copies of the two conserved folds evolved in N N /C
proto-eukaryotes to bend membranes. N\ /4 \

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




Tropical Disease Initiative (TDI)
Predicting binding sites in protein structure models.

http://www. tropicaldisease.org


http://www.tropicaldisease.org

Need is High in the Talil

B DALY Burden Per Disease in Developed Countries
B DALY Burden Per Disease in Developing Countries

Heart diseases

Rare diseases
DALY

Disease


http://www.who.int/whr/2004/en/

“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.



http://www.who.int/whr/2004/en/
http://www.who.int/tdr/diseases/default.htm

Comparative docking

Expansion 2. Inheritance
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% modeled

Modelin

g Genomes
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[] % good
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A good model has MPQS of 1.0 or higher



C. hominis

C. parvum

L. major

M. leprae

M. tuberculosis

P. falciparum

P. vivax

T. brucei

T. cruzi

T. gondii

TOTAL

Summary table

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

Transcripts
3,886
3,806
8,274
1,605
3,991
5,363
5,342
7,793

19,607
9,210

68,877

Modeled targets
1,614
1,918
3,975
1,178
2,808
2,599
2,359
1,530
7,390
3,900

29,271

Selected models
666
742

1,409
893
1,608
818
822
300
3,070
1,386

11,714

Inherited ligands
197
232
478
310
365
284
268
138
769
458

3,499

Similar to a drug

20

24

43

25

30

28

24

13

51

39

297

Drugs

28

21

143



L. major Histone deacetylase 2 + Vorinostat
Template 1t64A a human HDACS8 protein.

PDB © Template (66 Model G Ligand Exact SupStr SubStr Similar
1c3sA  83.3380.00 1t64A 36.001.47 LmjF21.0680.1.pdb ©0.91/100.00 SHH DB02546 DB02546 DB02546 DB02546

’« . DB02546 Vorinostat @

Small Molecule; Approved; Investigational

Drug categories:

Anti-Inflammatory Agents, Non-Steroidal
Anticarcinogenic Agents

Antineoplastic Agents

Enzyme Inhibitors

Drug indication:

For the treatment of cutaneous manifestations in patients with
cutaneous T-cell lymphoma who have progressive, persistent or
recurrent disease on or following two systemic therapies



L. major Histone deacetylase 2 + Vorinostat

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*T, ANNE M. GURNETT*, ROBERT W. MYERS*, PAULA M. DULSKI*,

TaMi M. CRUMLEY*, JOHN J. ALLOoccO*, CHRISTINE CANNOVA*, PETER T. MEINKE*, STEVEN L. COLLETTI?,
MARIA A. BEDNAREKY, SHEO B. SINGHS, MICHAEL A. GOETZS, ANNE W. DOMBROWSKIS,

JoN D. POLISHOOKS, 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

ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Apr. 2004, p. 1435-1436 Vol. 48, No. 4
0066-4804/04/$08.00+0 DOI: 10.1128/AAC.48.4.1435-1436.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Antimalarial and Antileishmanial Activities of Aroyl-Pyrrolyl-Hydroxyamides, a
New Class of Histone Deacetylase Inhibitors



P. falciparum tymidylate kinase + zidovudine

Template 3tmkA a yeast tymidylate kinase.

PDB w Template (T Model e Ligand Exact SupStr SubStr Similar

2tmkB 1000010000  3tmkA 41.00/1.49 PFL2465c.2.pdb 82.61/100.00 ATM DB00495 DB00495

DB00435 Zidovudine :
CH

Small Molecule; Approved w.)Er :
Drug categories: )\ R
Anti-HIV Agents Q
Antimetabolites § /
Nucleoside and Nucleotide Reverse Transcriptase Ny ,‘/ "f,,_ H
Inhibitors
Drug Indication:

For the treatment of human immunovirus (HIV) infections.




P. falciparum tymydilate kinase + zidovudine

NMR Water-LOGSY and STD experiments

8.0 7.8 76 74 7.2 7.0 6.8 6.6 6.4 Ppm 78 76 74 72 7.0 6.8 6.6 6.4 6.2 ppm

...........
78 76 74 7.2 7.0 68 6.6 6.4 ppm

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



TDI’'s kernel

http://tropicaldisease.org/kernel
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http://tropicaldisease.org

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

TDI’'s kernel

http://tropicaldisease.org/kernel

© 2009 Nature America, Inc. All rights reserved.
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CORRESPONDENCE

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
scarce!. 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/)?. 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 diseases’3,
including collaborative web portals (e.g.,
http://www.thesynapticleap.org/), public-

Table 1 TDI kernel genomes

private partnerships (e.g., http:/
www.mmv.org/) and private

foundations (e.g., http://www. the Tropical

gatesfoundation.org/); for an
updated list of initiatives, see the
TDI website above.

The TDI kernel was derived
with our software pipeline®” 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 i

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

ease Initiative

Figure 1 TDI kernel snapshot of the web page for the
Plasmodium falciparum thymidylate kinase target (http://

1/). Our pipeline
trials. Two of the kernel targets  predicted that thymidylate kinase from P. falciparum binds
were tested for their binding ATM (3"-azido-3-deoxythymidine-5"-monophosphate), a supra-
to a known drug by NMR structure of the zidovudine drug approved for the treatment of

spectroscopy, validating one

HIV infection. The binding of this ligand to a site on the kinase

of our predictions (Fig. 1 and

was experimentally validated by Water-LOGSY?
and saturation transfer difference’® NMR experiments.

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

Organism? Transcripts® Modeled targets® _Similar? Exact®
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 5363 818 28 13
Plasmodium vivax 5342 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

20rganisms in bold are included in the World Health Organization (Geneva) Tropical Disease portfolio. PNumber of transcripts in
each genome. “Number of targets with at least one domain accurately modeled (that is, MODPIPE quality score of at least 1.0).
“Number of modeled targets with at least one predicted binding site for a molecule with a Tanimoto score! of at least 0.9 to

drug in DrugBank!2. *Number of modeled targets with at least one predicted binding site for a molecule in DrugBank.

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 diseases’. 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

Bac C ional p based drug develop
commercial markets are usually small to non-existent. For ti

1t incentives work badly for the developing world, where
reason, the past decade has seen extensive experimentation

with alternative R&D institutions ranging from privat

such “kernels”.

to

P P

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

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.

ar 1t prizes. Despite extensive

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.

1ti L, Carbajo RJ, Pieper U, Eswar N, Maurer SM, et al. (2009) A Kernel for Open Source Drug Discovery in Tropical Diseases. PLoS Negl Trop Dis 3(4):
.1371/journal pntd.0000418
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Introduction

There is a lack of high-quality protein drug targets and drug leads

for neglected discases [1,2]. Fortunately, many genomes of

organisms that cause tropical diseas
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 uscful 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 [3,6]. This coverage

s have already been sequenced

. www.plosntds.org

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 carly stages of drug
discovery [7]: prioritizing protein targets for drug discovery [8],
suggesting drug

identifying binding sites for small molecules [9,10
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 o 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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Fueling Open-Source Drug Discovery: 177 Small-Molecule

Leads against Tuberculosis

Lluis Ballell,**) Robert H. Bates, Rob J. Young," Daniel Alvarez-Gomez,*' Emilio Alvarez-

Ruiz,*! Vanessa Barroso,” Delia Blanco,” Benigno Crespo,”’ Jaime Escribano,

al

Rubén Gonzalez,” Sonia Lozano,” Sophie Huss,” Angel Santos-Villarejo,”' José Julio Martin-

Plaza,” Alfonso Mendoza,* Maria José Rebollo-Lopez,

" Modesto Remuifan-Blanco,”

José Luis Lavandera,” Esther Pérez-Herran,” Francisco Javier Gamo-Benito,”
José Francisco Garcia-Bustos,” David Barros, Julia P. Castro,” and Nicholas Cammack®

With the aim of fuelling open-source, translational, early-stage
drug discovery activities, the results of the recently completed
antimycobacterial phenotypic screening campaign against My-
cobacterium bovis BCG with hit confirmation in M, tuberculosis
H37Rv were made publicly accessible. A set of 177 potent non-
ytotoxic H37RV hits was identified and will be made available
to maximize the potential impact of the compounds toward

Introduction

Despite available treatments for tuberculosis (TB), the threat
this disease represents i stil  painful reality for the ten mil-
lion people infected and the two million that die from T8 each
year!" Infections by Mycobacterium tuberculosis, the causative
bacterial agent of TB, represents an escalating threat for global
health with the increased prevalence of multi- and extensively
drug resistant (MDR and XDR, respectively) T8. Mortaliy rates
for XDR T8 can approach 100% of those infected.” In some
countries, MOR/XDR strains can account for up to 229% of in-
fections.”!

While these numbers are partly attributable o the misuse of
curent antitubercular agents, they are also a direct conse-
quence of the nature of the treatment: a combination of at
least three different drugs that must be taken for six months
or longer. Owing to side effects and the length of treatment,
patients often partly or completely drop off therapy, with

{a] Dr. L Ballel, ... 5ats, D Avarez Gomez D, E vz iz
V. Barrso, . Blanc, . Crespo, .. Escribano, . Gonzale, . Lozare,
.. Huss, A Santos Vilarej, . J.J. Martin-Plza, Or. 4. Mendoza,
.1 Reboll-Lopez, .M. Reruiionlanco, 07 . Lavandero,
.. Péez-Herran, . F.J Gomo-Benito, ... Gori ustos,

Emall i pballlogskcom
181 01 . Youn
CSC Medicinal Chemisty, Medicnes Rescarch Centre
GlasoSmithine (GSK, Stevenoge, Herlordshie, SG1 2NY (UK)
T Supporting information for this artcle is available on the WWW under
t/cdoirg/10.1002/cmdc 201200425,
B Re-se of this anice s permitted in accordance with the Terms and
Conditons set ot at htp/chemmedchem.org/open.

© 2013 Wiey-VCH Verlag GmbH & Co. KGaA, Weinheim

a chemical genetics/proteomics exercise, while at the same
time providing a plethora of potential starting points for new
synthetic lead-generation activities. Two. additional drug-dis-
covery-relevant datasets are included: a)a druglike property
analysis reflecting the latest lead-like guidelines and b) an early
lead-generation package of the most promising hits within the
clusters identified.

a consequent rise in drug-resistant strains and cases of infec-
tion relapse. This increased prevalence of resistant T8 has led
the World Health Organization (WHO) to call for the wide-
spread implementation of directly observed treatment short
course (DOTS), in which treatment compliance is monitored by
healthcare workers. Although this approach has been success-
ful where appropriately implemented, achieving an 84% cure
rate according to the latest WHO 2011 T8 report,” the devel-
opment of  new drug regimen for the treatment of T8 could
sill be the most cost-effective way of tackling the pandemic.
Specificall, any new drug should ideally be able to shorten
the duration of treatment, avoid significant drug-drug interac-
tions with current regimens, treat MDR and XDR T8 patients
(via a new mode of action), and be cost competitive with cur
rent drugs.

Various reasons are behind the lack of new medicines for
the treatment of T8 and other neglected diseases over the last
40 years, but most of them are generally related to a lack of
critical mass in terms of funding, R&D capacity, and commer-
cial interest. With the aim of contributing to the reversal of
this trend, researchers at GlaxoSmithKiine (GSK) and others™
recently decided to explore new collaborative models of con-
ducting early-stage TB drug discovery research 1o help miti
gate current limitations. One such strategy is the translation of
the “open source” philosophy” which was recently manifested
in the publication of several thousand small molecules from
our corporate compound collection that showed significant in
vitro potency against the malaria parasite Plasmodium falcipa-

Itis with the aim of stimulating similar community-based re-
search efforts for novel T8 therapeutics that we make the re-

Chemedchem 0000, 00,110
These are not the final page numbers! 77

Screening

BCG (Zm===) H37Rv

20k compounds

BCG surrogate of H37Rv

2IM compounds (GSK collection)

BCGHTS

62000 primary hits

Tanimoto (0.7) + soft filtering ﬂ > 45% Inhibition @ 10puM

Selection of Primary hits (No AB)

15000 hits

Clustering + hard filtering

MIC HTS hits

MICs < 10pM

V

> All 90% Inhibitors @ 10pM included

HepG2 Cytotox | 3500 hits

T.I.:HepG2 TC50/MIC BCG > 50-fold

M. tuberculosisH37Rv

850 hits

MICs Mth < 10uM,
T.1.> 50-fold

7 chemical active
families identified

Chemical clustering

177 hits

SoC
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1. Ballell, L. et al. Fueling Open-Source Drug Discovery: 177 Small-Molecule Leads against Tuberculosis. ChemMedChem n/a—n/a (2013). doi:10.1002/cmdc.201200428



the TCAMS-TB dataset

373.1

10

Percent

100 200 300 400 500 600 700
Molecular Weight

66.9
64.1

Percent

Percent

I
0 50 100 150 200 250
PSA
20

00 01 02 03 04 05 06 07 08 09 1.0
wQED

15

Percent

2 - 0 1 5 6 7 8

2 3 4
ALogP

1. Bickerton, G. R., Paolini, G. V., Besnard, J., Muresan, S. & Hopkins, A. L. Quantifying the chemical beauty of drugs. 1-9 (2012). doi:10.1038/nchem.1243



True positive rate

1.00

.80

.60 —

.40 —

.20

.00

the TCAMS-TB dataset

Threshold: 0.583] GSK1072525A

True Positives: 161 GSK975839A O B O Q GSK1215273A

Fal N ti : 21
False Positives: 1§ GSK787059A () () GSK433921A

True Negatives: 984

GSKoe33IA @ () GSKs17310A

5

False Positive Rate: 1.6%
True Positive Rate: 88.4%

GSK1215271A( - GSK975810A
Precision: 0.91 ' <<Z A Q
Recall: 0.88] g

RoC Areas 0.97 aski215270A@)

Correctly Classified Instances: 96.7% (1145)
Incorrectly Classified Instances: 3.3% (37)

O GSK975840A

o4 () GSK1072523A

‘

askes7710A @ |

FSINT, () GSK316415A
J % X N

.00

GSK870943A . 2

| | | |
.20 .40 .60 .80 1.00
False positive rate

Ji%: ’i /ﬁ\
GSK130507A . “ 9 GSK1150241A

GSK1073593A@) () GSK130506A

——
NV

\}’&'
S

S
17
7

o
4

>
2
R

Wi

g
4

i N f\
GSK975842A . N Yai . () GSK1222186A

ékﬂlﬂﬂ X
KX
=
N
N
AVAN

=

Lo L GSK975852A
GSK975812A . W / A7 N// ) GSK1568930A

W \ /
\ NS

GSko7e468A @ |

\

() GSK1073385A

\

GSK975784A .

X
\\N

('; GSK433913A

N

Xy

/ GSK1650514A

GSK1073395A@) 23 Wz i () GSK1073410A
GSK203721A @)~ () GSK1216252A
GSK975852A @) ) GSK1583058A

askiorsien @ @ () asksizaesa
GSK735506A

+ 486 singletons



CNAG’s nAnnoLyze (STR)

Marti-Renom lab

~16,000 PDB Chains

_il_

|

’ ~776 GSK ligands

. ~5,000 MTB models

Sali lab



ChEMBL (CHEM)

Overington Lab

GSK1402290A CHEMBLA474582 CHEMBL508242

MTB
lysS1 lysine-tRNA ligase 1



GSK (HIST)

Brown lab

Human
Target
Class

No. of
Compounds

Putative Mycobacterium
Target

Accession No.

Essentiality

BCG H37Rv Gene

Product

M. bovis
BCG

MTB H37Rv

Kinase 35 8 pknA

transmembrane
serine/threonine-
protein kinase A

YP_976148.1

NP_214529.1

Essential

pknB

transmembrane
serine/threonine-
protein kinase B

YP_976147.1

NP_214528.1

Essential

pknD

Ser/Thr protein
kinase

YP_977078.1

NP_215446.1

NE

pknH

putative
transmembrane
serine/threonine-
protein kinase H

YP_977417 1

NP_215782.1

NE

pknd

putative
transmembrane
serine/threonine-
protein kinase J

YP_978197.1

NP_216604.1

NE

pknL

putative
transmembrane
serine/threonine-
protein kinase L

YP_978280.1

NP_216692.1

NE

None pknF

anchored-
membrane
serine/threonine-
protein kinase F

YP_977877.1

NP_216262.1

NE

None pknK

putative
serine/threonine-
protein kinase
transcriptional
regulatory protein
K

YP_979189.1

NP_217596.1

NE
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Compounds-pathways

8 compound family “statistically” associated to 13 pathways

GSK | Compound Target Pathways
Family
1 GSK975784A | Rv2182c Glycerolipid metabolism (mtu00561)
Glycerophospholipid metabolism (mtu00564)
w Rv2483c | No Pathway
GSK975810A | Rv2182c Glycerolipid metabolism (mtu00561)
Glycerophospholipid metabolism (mtu00564)
W Rv2483c No Pathway
GSK975839A | Rv2182c Glycerolipid metabolism (mtu00561)
Glycerophospholipid metabolism (mtu00564)
W Rv2483c No Pathway
Rv2299c No Pathway
GSK975840A | Rv2182c Glycerolipid metabolism (mtu00561)
Glycerophospholipid metabolism (mtu00564)
M{ Rv2483c | No Pathway
GSK975842A | Rv2182c Glycerolipid metabolism (mtu00561)
: Glycerophospholipid metabolism (mtu00564)
w Rv2483c No Pathway
Rv2045c No Pathway
Rv2139 Pyrimidine metabolism (mtu00240)
Rv2299c No Pathway
Rv2483c No Pathway

8 compound families with significant links to pathways

All available @ http://www.tropicaldisease.org/ TCAMSTB
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pknB target

GSK number pIC50 Gene Scorespz* Scoresrse*
GWw623128X 7.3 CNR2 -8.83 -8.63
GSK1519001A 5.7 NPSR1 -9.09 -8.65
GSK547481A 6.1 HTR4 -8.93 -9.27
GSK2043267A 7.5 CYP2C19 -8.8 -8.56
GSK381407A 5.6 P2RY14 -9.02 -8.71
GSK547543A 6.2 GPR55 -9.03 -10.37
GSK547511A 6.2 GPR55 -9.01 -8.58
GSK1598164A 8 IKBKB -9.19 -8.96
GSK1635139A 5.6 CHRNA7 -8.6 -9.59

PknB kinase docking to GSK1598164A. A) Multiple sequence alignment of Mycobacterium PknB kinase with selected human kinases. Human kinases were selected on the criteria of having available
PDB structures and top Psi-BLAST scores to M. bovis transmembrane serine/threonine-protein kinase B (pknB). First sequence in the alignment (gene name; PDB identifier) is M. tuberculosis
transmembrane serine/threonine-protein kinase B (PknB; 3F69), which is 99% identical to M. bovis PknB and was used in compound docking models. Other sequences are CAMK2D (2EWL), MARK3
(2QNJ), MARK2 (BIEC), AKT2 (1GZK) and SGK1 (2R5T). Residues known to interact with ADP in pknB are highlighted in red. The amino acids aligned with Glu93, which may be essential for the binding

GSK1598164A
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of the GSK1132084A, are highlighted in green. B) Binding models of the GSK1598164A and ADP within pknB binding site (left and right panels, respectively).
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Targeting the aminoacyl-tRNA biosynthesis pathway. CHEM results show that GSK1402290A shared several substructural features with compounds reported as potent lysyl-tRNA synthetase
inhibitors in the ChEMBL database (e.g., CHEMBL474582 and CHEMBL508242). STR results predicted the serS as a target of GSK1402290A with its binding site including residues F205, H209, G225,
T226, E228, R257, F276, K278, and E280, which are conserved in the PFAM family PF00587 (tRNA synthetase class Il core domain). The image shows the pose for GSK1402290A predicted by
AutoDock and the binding site residues (i.e., within 6A from the compound) colored from low sequence conservation (blue) to high sequence conservation (red).
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Abstract

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), infects an estimated two billion people worldwide and
is the leading cause of mortality due to infectious disease. The development of new anti-TB therapeutics is required,
because of the emergence of multi-drug resistance strains as well as co-infection with other pathogens, especially HIV.
Recently, the pharmaceutical company GlaxoSmithKline published the results of a high-throughput screen (HTS) of their
two million compound library for anti-mycobacterial phenotypes. The screen revealed 776 compounds with significant
activity against the M. tuberculosis H37Rv strain, including a subset of 177 prioritized compounds with high potency and low
in vitro cytotoxicity. The next major challenge is the identification of the target proteins. Here, we use a computational
approach that integrates historical bioassay data, chemical properties and structural comparisons of selected compounds to
propose their potential targets in M. tuberculosis. We predicted 139 target - compound links, providing a necessary basis for
further studies to characterize the mode of action of these compounds. The results from our analysis, including the
predicted structural models, are available to the wider scientific community in the open source mode, to encourage further
development of novel TB therapeutics.
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Introduction to 1960s through large scale screening of compound collections for
anti-bacterial activity — the so-called whole cell or phenotypic
One third of the world’s population is infected with Mycobac- screens [4]. The emergence of bacterial molecular genomics
terium tuberculosis (MTB), the causative agent of tuberculosis [1]. technologies and the availability of whole genome sequences in the
Approximately 95% of infected individuals are thought to have 1990s led to dramatic changes in anti-bacterial drug discovery,
persistent, latent MTB infections that remain dormant until where the emphasis was placed on screening essential targets for
activated by specific environmental and host response events. inhibitory compounds. However, despite intensive efforts, target-
Approximately 10% of latent infections eventually progress to based screening has been largely unsuccessful in producing clinical
active disease, which, if left untreated, kills more than half of the candidate molecules [5]. As a result, a return to whole cell
infected patients [2]. Moreover, there is an increasing clinical screening has been widely advocated, in combination with novel
occurrence of MTB strains with extensive multi-drug-resistance technologies and bioinformatics to rapid identify targets associated
(eg, MTB MDR and MTB XDR), where mortality rates can with a compound’s mechanism of action (MOA) [4,6].
approach 100% [3]. In some countries, the MTB MDR and XDR Recently, the pharmaceutical company GlaxoSmithKline
strains may account for up to 22% of infections [1]. In addition, (GSK) completed an anti-mycobacterial phenotypic screening
current TB  therapeutic regimes involve a combination of campaign against M. bovis BCG, a non-virulent, vaccine
antibiotics, administered at regular intervals over a 6-month terium strain, with a subsequent secondary screening in A,
period, which makes patient compliance an issue, especially in tuberculosis H37Rv (MTB H37Rv) for hit confirmation [7]. A total
developing countries [1,2]. of 776 potent compound hits (including 177 MTB H37RV hits
The discovery and development of new antibiotics is widely with limited human cell line toxicity) were made openly available
recognized as one of the major global health emergencies, yet it is to the wider scientific community through the ChEMBL database
also a major pharmaceutical challenge. Most currently used (http://dx.doi.org/10.6019/CHEMBL2095176). The aim of this
antibiotics were discovered during the golden era from the 1940s release was to stimulate mechanism of action analyses using
PLOS Computational Biology | www.ploscompbiol.org 1 October 2013 | Volume 9 | Issue 10 | 1003253
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Whole-Genome Sequencing for Rapid Susceptibility Testing
of M. tuberculosis

TO THE EDITOR: Efforts to contain drug-resistant
tuberculosis depend on the rapid detection and
effective treatment of cases, together with public
health interventions to prevent and investigate
ongoing transmission. The necessary laboratory
support for these activities includes the identifi-
cation of the Mycobacterium tuberculosis complex,
antimicrobial susceptibility testing, and bacterial
genotyping. However, even in well-resourced
countries, it typically takes 1 to 2 months to
achieve all these goals because of the slow
growth rate of the M. tuberculosis complex.®?
Moreover, phenotypic susceptibility testing can
be unreliable and is not performed for some
agents. Molecular techniques have accelerated
some of these diagnostic functions, but they only
interrogate a small part of the microbial genome
and do not provide all the clinically relevant in-
formation.* Whole-genome sequencing has not
been used as a diagnostic tool for tuberculosis,
in part because of the need to culture M. tubercu-

N ENGL J MED 369;3

losis complex for several weeks, until sufficient
DNA can be extracted.?#

Here we report the use of rapid whole-genome
sequencing to investigate the case of a patient
with extensively drug-resistant (XDR) tuberculo-
sis (the case history is provided in the Supple-
mentary Appendix, available with the full text of
this letter at NEJM.org). His first sputum sample
became culture-positive after 3 days in the myco-
bacterial growth indicator tube (MGIT) culture
system. DNA was extracted directly from the
MGIT tube and sequenced with the use of the
[llumina MiSeq platform. Two distantly related
Beijing strains of M. tuberculosis were identified
(in a ratio of 7:3) (Fig. 1B). Mixed infection was
not apparent when standard genotyping was
performed on three additional samples from this
patient by means of mycobacterial interspersed
repetitive-unit-variable-number tandem-repeat as-
say, which probably identified the majority strain.
These findings have important implications for

NEJM.ORG JULY 18, 2013

Fast Sequencing for TB treatment
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Microbiology Results, Phenotypic Drug Susceptibility Results
and Anti-tuberculosis Therapy During Hospitalisation
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Phylogenetic Analysis and the Distribution of
Drug-Resistance Mutations.
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