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ABSTRACT

he use of protein crystallography in structure-guided drug discovery allows identifica-

tion of potential inhibitor-binding sites and optimisation of interactions of hits and lead
compounds with a target protein. An early example of this approach was the use of the struc-
ture of HIV protease in designing AIDS antivirals. More recently, use of structure-guided
design with fragment-based drug discovery, which reduces the size of screening libraries
by decreasing complexity, has improved ligand efficiency in drug design. Here, we discuss
the use of structure-guided target identification and lead optimisation using fragment-based
approaches in the development of new antimicrobials for mycobacterial infections.

INTRODUCTION

In the 1960s and 70s, when protein crystallography was still in its infancy,
there was an emerging awareness of its potential contribution to making new
medicines. Mutations resulting in abnormal haemoglobins were recognised
as the genetic defects that resulted in inherited single-gene disorders, such
as sickle-cell disease. Max Perutz and his team in Cambridge discussed the
structural impacts of these mutations on oxygen affinity and subunit cooper-
ativity. Dorothy Hodgkin’s Oxford laboratory members often visited Eli Lil-
ly, Wellcome Foundation and Novo, where crystalline insulin was produced
for treatment of diabetes. Insulin biochemistry and crystallisation had been
discussed by Jergen Schlichtkrull of Novo [1] and the design of slow act-
ing insulins had long been contemplated. In the late 60s, when the structure
of insulin was defined [2,3], the availability of many amino-acid sequences
from Fred Sanger’s laboratory in Cambridge stimulated ideas about insulin
receptor binding and discussion about new insulin designs in the Hodgkin
laboratory in Oxford. During the same period, the Aachen, New York and
Shanghai groups completed the synthesis of insulin, allowing ideas about
novel synthetic insulins to be seriously considered.

As early as the 1960s, David Phillips and his team had begun to think about
building 3D models of homologues that may be of biological or biomedical
relevance, the first being a-lactalbumin based on lysozyme using wire mod-
els [4]. In the 1970s, homology or comparative modelling of clinically more
relevant targets, such as relaxin and somatomedins C (IGF) based on insulin
structures [5-8], was made more realistic by the availability of graphics fa-
cilities and software for manipulating them, most importantly Frodo from
Alwyn Jones [9]. Eventually, clinically important drug targets like renin, the
aspartic protease that cleaves angiotensinogen and converts it into angioten-
sin I, an essential step in regulating blood pressure, were modelled on less
exciting enzymes such as fungal pepsins, allowing structural biology to move
into big pharma [10]. Indeed, many companies acquired models of renin from
the Blundell lab and computational structure-guided drug discovery became
a focus in the pharma industry in the 1980s.

However, at the same time structures were also defined experimentally of
apo-enzymes and complexes of renin and its close homologues [10-15]. For
other molecules, such as nerve growth factor, suggestions of homology with
insulin, arising from the existence of three disulphide bonds in both proteins,
were not corroborated by sequence analysis [16]. Blundell in the 70s moved
to start crystallography on nerve growth factor, only to discover that Alex
Wlodawer had been working on the crystal structure with Eric Shooter and
Keith Hodgson, since the early 1970s [17]. At that early stage they agreed to
collaborate on this project and publish together. Although it took a while,
they did so in 1991 [18].
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STRUCTURE OF HIV PROTEASE AND
STRUCTURE-BASED DRUG DESIGN

In the 80s many groups, including those of Wlodawer
and Blundell, worked in parallel on the structural investiga-
tions of aspartic proteases (then known as acid proteases),
focusing increasingly on retroviral enzymes.

In 1978, Blundell along with Jordan Tang, who had de-
termined the sequence of pepsin, and Mike James, who
was also defining X-ray structures of aspartic proteases,
published a hypothesis that these proteases had evolved
from an ancestral dimer by gene duplication, fusion and di-
vergence to give more active enzymes [19]. The questions
this posed were: “Does a similar dimeric enzyme exist in
nature today? What does this enzyme do?” The answer
came in the retroviral proteases, most topically in HIV, the
genome of which encodes polyproteins, which are cleaved
by this dimeric viral protease to produce the mature viral
proteins that are essential to generate infectious viral par-
ticles (Fig. 1). The Blundell lab identified the un-annotated
enzyme protomer sequence in the genome but it was first
published by Toh ef al. in 1985 [20]. A model by Pearl and

Taylor, then based in Birkbeck, was published in 1987 [21].
In early 1989, Wlodawer and colleagues published the first
structure of a retroviral protease, that of Rous Sarcoma Vi-
rus [22]. Almost simultaneously, Merck published a struc-
ture of HIV protease [23,24]; this structure was updated by
two experimental structures determined independently by
the Blundell [25] and Wlodawer [22] labs. Recently, a struc-
ture from Wlodawer lab of two Rickettsia conorii constructs
was determined, with structurally similar folds to that of the
HIV aspartic protease, but corresponding to only half of the
homodimer of HIV aspartic protease. This might be an an-
cestor of the monomeric and dimeric aspartic proteases [26].
Wlodawer’s lab has also worked on the aspartic proteases
from a variety of species such as yeast [27,28], plants [29,30],
and other viruses [31-34].

LESSONS LEARNT FROM HIV PROTEASE ANALYSES

In summary, analyses of the HIV genome and proteome
led to the discovery of a new protease that was critical to the
discovery of new AIDS antivirals. It soon became evident
that inhibiting the viral protease would block the viral rep-
lication and the production of mature infectious viral parti-
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cles, thereby, disrupting the ability to infect new
host cells (Fig. 1). The subsequent development of
new AIDS antivirals demonstrated the importance
of understanding the genome not only in terms of
functions of gene products, but also their architec-
tures for use in structure-guided drug discovery.

The homology between the renins and retro-
viral proteases led to suggestions of molecules to
start new campaigns of drug discovery and these
provided important molecules used in discover-
ing new therapeutics against AIDS. However, a
more general approach to screening potential tar-
gets and exploring chemical space - was clearly
required if the knowledge of the architectures of
gene products was to be fully exploited in drug
discovery. Over the subsequent 25 years, several
new approaches have been introduced that ex-
ploit knowledge of the architecture of the targets.
Two of the most influential have been the com-
putational identification of putative interacting
compounds with the target protein using virtu-
al screening and experimental structure-guided
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Figure 1. Design of anti-HIV inhibitors by targeting viral protease. Once the viral DNA is translat-
ed to Gag and GagPol polyproteins, Gag multimerises and is targeted to the host cell membrane
where it anchors itself to the lipid rafts. This initiates the assembly of viral particles at the mem-
brane, which incorporates viral RNA and Env protein that reaches cell membrane via secretory
pathway. This non-infectious virion then buds off from the membrane and maturation of viral
particle is triggered by the viral protease, which is active in the dimeric form of the polyprotein
and which cleaves Gag and GagPol polyproteins, producing proteins that are required for the
formation of the capsid core and infectious viral particle. Designing inhibitors (shown in magenta)
that bind the viral protease will block the cleavage of viral structural proteins from the polypro-
teins and hence inhibit the viral replication and formation of new infectious viral particles. From

[120], modified.
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Virtual screening allows a large number of
small molecules to be screened in silico for their
binding sites [35]. Several computational pro-
grams such as GRID [36], LUDI [37], Sprout [38]
and MUSIC [39] are available for positioning
these small molecules in binding hotspots. These
methods explore electrostatic, van der Waals or
hydrogen-bonding interactions involved in the
molecular recognition [40]. Multiple Copy Simul-
taneous Search (MCSS) determines energetically
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favourable orientations and positions of functional groups
to map the binding site [41]. Another commonly used pro-
gram, SUPERSTAR from the Cambridge Crystallographic
Data Centre (CCDC), utilizes a knowledge-based approach
where intermolecular interactions found in high-resolution
X-ray crystal structures of small molecules are used to calcu-
late the binding propensities of functional groups in a pro-
tein hotspot [42,43]. Our group has recently introduced a
new method using SUPERSTAR for finding atomic hotspots
in the binding pocket of the target protein, by exploring the
presence of donor, acceptor and hydrophobic probes and
weighting them by the depth of the pocket. Subsequently,
these are sampled using different molecular probes for their
binding and the binding atoms are mapped back onto the
structure resulting in a fragment-hotspot map [44].

Virtual screening methods (such as GOLD [45], AUTODO-
CK [46], GLIDE [47,48]) can be used to dock a diverse set of
drug-like compounds to a target protein in a short time with
nearly 50% of the molecules docked within 2 A RMSD (root
mean square deviation) of the experimentally determined
structures [35]. Upon docking, these interactions are scored
in order to discriminate positive hits from a large library of
compounds and hence identify true interactions. The scoring
functions include physical terms, such as hydrophobicity,
solvation electrostatics, hydrogen bonding, ligand deforma-
tion energy and van der Waals interaction energy. Howev-
er, while evaluating virtual screening results, one needs to
be aware of the caveats and limitations, such as scoring the
docked poses, especially when ligands/fragments bind with
low affinity, and when there is protein flexibility and well or-
ganised solvation of the protein [40,49].

STRUCTURE-GUIDED FRAGMENT-
BASED DRUG DISCOVERY

Fragment-based drug design (FBDD) has seen applica-
tions in lead identification for targets in several pharma-
ceutical companies. In FBDD, a collection of small mole-

cules (<300 Da), known as a fragment library, are screened
against a target of interest, resulting in identification of
initial hits. These are then optimized into lead candidates
by chemically growing or linking the fragments, thereby ex-
ploring the chemical space available for binding to the tar-
get protein very effectively. A high-affinity lead molecule
thus developed from a fragment hit retains the key binding
interactions of the original fragment. Although low-molec-
ular-weight fragments have relatively lower potency than
the more complex molecules found in typical high-through-
put screening (HTS) compound libraries, small fragments
that bind, do so by making well defined and directional
high-quality interactions and by displacing unhappy water
molecules at hotspots on the protein. Compounds optimized
from the resulting fragment hits are capable of achieving
higher binding efficiency per atom and better physicochem-
ical properties in comparison to those from HTS approach
[50]. The principal advantage of the fragment-based ap-
proach over conventional drug discovery campaign is the
requirement of relatively smaller libraries (typically hun-
dreds or at most a few thousand fragments) of low-molecu-
lar-weight compounds to obtain good starting hits for lead
discovery, in comparison to the larger libraries of ~10° or
more compounds required in the HTS methods [51].

We are exploring the use of structure-guided FBDD for
developing antimicrobials targeting proteins from Myco-
bacterial species. We use a combination of biophysical, and
biochemical techniques in addition to X-ray crystallography
to monitor hit identification, validation and subsequent
elaboration into lead molecules, as summarised in figure 2.

In some campaigns where an apo-protein crystal struc-
ture is not available, the pipeline can be complemented by
substructure searches on commercially available compound
databases and/or in-silico screening predictions of ana-
logues [35,52]. Winter et al. have demonstrated a success-
ful application of fragment screening, in the absence of a
suitable crystal structure, to identify hits that disrupt the in-
teraction between NK1 and Met
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Figure 2. Schematic of the use of fragment-based drug discovery for identifying fragments that bind at hotspots on the

target protein allowing subsequent elaboration into lead molecules.
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and subsequently inhibit Met
signalling [53]. Sub-structure
searches on initial hits identified
by biophysical methods such
as surface plasmon resonance,
were followed by docking pre-
dictions to identify compounds,
with significant anti-tumorigen-
ic and anti-migratory activity in
cell-based assays.
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CHALLENGES OF LARGER
GENOMES - AN EXAMPLE
OF MYCOBACTERIUM

Chemical Optimisation

We now illustrate how a com-
bination of efficient exploration
of biological space and use of
fragment-based approaches
and virtual screening to explore
chemical space can give useful
leads in drug discovery for my-
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cobacteria with larger genomes encoding four to six thou-
sand genes.

The family Mycobacteriaceae with 174 known species [54] is
a part of one of the largest groups (Actinobacteria) of bacte-
ria. It constitutes the acid-fast bacteria with high GC content
and much thicker hydrophobic outer cell wall (containing
mycolic acids) than many other bacteria. The family includes
several pathogenic bacteria such as Mycobacterium tuberculo-
sis (MTb, the causative agent of tuberculosis), Mycobacterium
leprae (MLep, causes leprosy), Mycobacterium abscessus (MAD,
rapid-growing opportunistic pathogen that causes chronic
lung diseases) and free-living non-pathogenic bacteria such
as Mycobacterium kansasii, Mycobacterium vanbaalenii, and My-
cobacterium smegmatis. According to the most recent WHO
report, 9.6 million people were diagnosed with tuberculosis
(TB) and 1.5 million died because of the infection [55]. In 2015,
one-in-three deaths of HIV-positive patients were due to tu-
berculosis [55]. MAD is a nontuberculous bacterium common-
ly found in water and soil and is a distant relative of MTb and
MLep [56,57]. Unlike MTDb, it is a rapidly growing organism
that causes skin and soft tissues infections and pulmonary
diseases, particularly in patients with lung disease (such as
cystic fibrosis) or previous history of tuberculosis [57,58].

With the advances in the genomics technology over the
past decade, there has been an increase in availability of
whole genome sequences. This paves the way for analyses
of whole genomes and cross-genome comparisons, which
will help in understanding the genome organisation and the
mechanisms leading to bacterial pathogenesis. 456 genomes
are available in NCBI Genomes for different species and
strains of mycobacteria [59] (April 2016). These sequences
allow genome-scale studies and annotation of the genomes
for structure and function.

GENOMES OF MYCOBACTERIUM

Before the genome sequence was made available for MTb,
Sreevatsan ef al. had analysed a 2Mb region of 26 structur-
al genes in different strains and observed that the MTb ge-
nome has restricted allelic variation and lacks silent muta-
tions in the analysed regions [60]. Studies of this type gave
hints about the usefulness of the whole-genome sequences
of these bacterial pathogenic organisms. The genome of the
slow growing microorganism - MTb (strain H37Rv) was
first sequenced in 1998 [61], paving the way for further in-
vestigation of specific gene families as well as structure and
function annotation of the gene products. H37Rv has a large
GC-rich genome (65.6%) of 4.4 Mb in size which codes for
~4000 genes [61], 6% of which are involved in lipid metab-
olism [61,62].

MADb (strain ATCC19977) was first isolated in 1953
from a knee abscess of a woman patient by Moore and
Frerichs [63], but it was only in 2009 that the genome was
sequenced and made available [64]. MAD has a larger ge-
nome than MTb (~5 Mb) and possesses ~5000 predicted
coding sequences. Several gene clusters in synteny with
non-mycobacterial species (such as Nocardia sp., Rhodococ-
cus sp., Psuedomonas aeruginosa, Burkholderia cepacia) were
observed implying that these genes might have been ac-
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quired by horizontal gene transfer [64]; this is not unex-
pected given MAD’s co-presence with other pulmonary
infectious bacteria.

MADb genome encodes ~1000 more proteins than MTb.
We obtained the protein sequences for MTb (strain H37Rv)
and MAD (strain ATCC19977) genomes from UniProt [65]
and compared them for the presence of orthologs using Pro-
teinOrtho [66]. 2277 orthologous clusters were observed,
covering 2308 proteins from MTb and 2333 MAD proteins
as either orthologs or in-paralogs. All of these clusters ap-
pear to be of reasonable quality as indicated by the statis-
tical measures obtained upon BLAST [67] comparisons. To
exemplify the functions and relevance of these clusters, we
are discussing three clusters, each of which comprises five
either secretory components or proteins involved in secre-
tory mechanisms (Tab. 1), suggesting the importance of
these functions (and their possible role in virulence) in the
two Mycobacterial species. The first cluster consists of two
MTPb proteins - EsxG and EsxS, which are part of Esx secre-
tion system, and three MAD proteins annotated as probable
PE family proteins. It has been proposed recently that the
EsxGH heterodimer is secreted by MTb and is responsible
for iron-uptake capacity inside the host and also plays an
iron-independent role in host virulence [68]. Recently, the
structure of EsxRS, a homolog of EsxGH, has been observed
to form higher order oligomers by domain-swapping,
which could be a mechanism employed by MTb to increase
the strength of interaction of Esx members with the host re-
ceptors [69]. The second cluster is populated with MmpL
(mycobacterial membrane protein large) protein0s, which
are efflux pumps for a variety of outer membrane lipids and
mycolic acids [70]. MmpL proteins are present in both slow
and fast growing species of mycobacteria [71] and they may
be associated with drug resistance in both MTb and non-
tuberculous bacteria by transporting antibiotics out of the
periplasm [71-74]. The third cluster comprises two proteins
of MTb (Diacylglycerol acyltransferase/mycolyltransfer-
ase Ag85C) and three MAD proteins annotated, as Antigen
85-A/B/C. Antigen 85 complex is known to be a secreted
product in MTb with the ability to bind fibronectin, which
in turn contributes to the virulence of the pathogen by pro-
moting its adherence to the mucosal surfaces [75,76]. It is
also involved in the cell wall synthesis in MTb by catalysing
the transesterification of mycolic acids [77].

The proteins of MTb and MAb, which do not form part
of any orthologous cluster, are termed as “MTb-only” and
“MAb-only” proteins, respectively, here, although some
may have orthologs in other Mycobacterium species. These
were assigned domains using HMMScan [78] against the
profiles of all the families in the Pfam database [79]. Al-
though these proteins from two mycobacterial species do
not recognise each other in BLAST comparisons, some of
these do possess domains in common. This non-recogni-
tion can be attributed to different domain organisation and
evolving functions of related proteins. For example, the
most frequent domain in the MAb-only set (11 times more
as compared to its frequency in MTb-only) is TetR_N (tet-
racycline resistance repressor), which is a transcriptional
regulator [80] (with HTH motif) and is known to regulate
the degree of susceptibility of the microbe to hydrophobic
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Table 1. Orthologous clusters in Mycobacterium tuberculosis and Mycobacterium abscessus. Three clusters with maximum number of genes in the orthologous cluster. The
statistical attributes of the BLAST-searches (Expect value (E-value), query coverage (QC) and percentage identity (PID)) are listed in the table. E-values are used to report
significance thresholds while performing similarity searches; they reflect the number of hits expected to occur by chance when searching for similar sequences in a given
database of interest. The lower the E-value, the more significant the similarity. QC reflects the percent of the query sequence that aligns with the subject sequence and gives
an estimate of the coverage of the alignment. PID is a measure of alignment quality and represents the percent of identical residues between query and subject sequence.

Muycobacterium abscessus
proteins (UniProtKB IDs)

E-value

Mycobacterium tuberculosis proteins (UniProtKB IDs)

053692
ESAT-6-like protein EsxG

Q6MX18
ESAT-6-like protein EsxS

QC (%) PID (%) E-value QC (“/u) PID (%)

Siderophore exporter MmpL4

POW]V3
E-value
BIMLC?7
Probable membrane protein, MmpL 0.0
BIMLC6
Probable membrane protein, MmpL 0.0
Cluster IT BIMIGS
Probable membrane protein, MmpL 0.0
BIMIG7
Probable membrane protein, MmpL 0.0

PIWQNY

DAG* acyltre
mycolyltransferase Ag85C

E-value

*DAG: Diacylglycerol

QC (%)  PID (%)
98.0 62.8
98.0 633
96.0 64.9
98.0 635

POWQP1
DAG* acyltrans,
mycolyltransferase Ag85B

QC (%)  PID (%) E-value QC (%)  PID (%)

antibiotics and detergents [81,82]. The MTb-only set was en-
riched in PE and PPE domains (~44 and 30 times more fre-
quent as compared to MAb-only). The PE and PPE domains,
believed to play immunological roles, contain a conserved
N-terminal region and a more variable C-terminus [83-86].
Although 10% of MTD total genes are known to be part of
these families of proteins [61], very few are structurally and
functionally characterised.

This highlights that there is an urgent necessity for efforts
to carry out the annotation of these poorly characterised ge-
nomes of infectious microorganisms, to tackle the infections
and their drug resistance responses.

AVAILABLE INVENTORIES FOR
MYCOBACTERIUM SPECIES

Since the complete genome sequence became avail-
able in 1998 [61], inventories for MTb genes have been
developed [87,88]. The most recent version (Release 27)
of Tuberculist [89] records the annotation of the whole
genome of the H37Rv strain, and is one of the key re-
sources available for the MTb genome. The tuberculosis
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database (TBDB) documents the annotation and gene
expression studies for multiple species and strains (in-
cluding non-mycobacterial species), which enables one
to perform comparative genomics [90]. Another useful
and broad platform for analysing bacterial genomes and
proteins is PATRIC (Pathosystems Resource Integration
Center) [91], which allows the assembly and annotation
of the bacterial genome(s) of interest, by providing tools
for comparative genomics studies and RNA-seq anal-
ysis [91-93]. BioCyc has developed a specialised path-
way tools website (http://mycobacterium.biocyc.org/),
which contains 28 MTb genomes and provides a platform
for genomic and metabolomic analyses and visualization.

The serious threat of drug resistance has led to efforts to
build drug-resistance and drug-target databases, which aim
to serve diagnostic roles and aid in the discovery of novel
drugs and drug targets. The TB Drug Resistance Mutation
Database (TBDReaMDB), developed in 2009, compiles a
list of mutations against first and second line drugs used
for treatment [94]. Another, recently developed, similar
database, MUBII-TB-DB, documents the known drug-resis-
tance-causing mutations at seven loci and enables the user
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to search for these known mutations in the new sequence(s)
of interest [95]. The TDR Targets database is a platform with
a comprehensive collection of information about the gene
products of tropical disease causing pathogens (including
MTDb) and allows the user to prioritize a target based on cri-
teria such as structure, chemical interactions, and essenti-
ality [96]. TuberQ is one of the databases that documents
the essentiality and structural druggability of MTb proteins
with known structures or high quality structural models
[97].

STRUCTURE AND FUNCTION ANNOTATION
OF MYCOBACTERIUM PROTEOME

For drug discovery and identification of new targets and
drugs that can be used for treating MDR-TB (Multi-Drug
Resistant TB) and XDR-TB (Extensively Drug Resistant TB),
it becomes crucial to know more about the structure and
function annotation of the MTb genome and its gene prod-
ucts. With the availability of the whole-genome sequence
of MTb and more sensitive sequence search profile-based
methods such as PSI-BLAST [98] and HMMERS3 [78], it has
become feasible to detect homologs (both close and distant)
on the basis of both sequence and structure.

Tuberculist maintains the most recent annotation of the
MTb genome and classifies its proteins into eleven function-
al categories [89], such as regulatory proteins, proteins in-
volved in cell wall and cell processes, and lipid metabolism.
27% of the MTDb proteins lack annotation and are classified as
either unknown or conserved hypothetical proteins. Assign-
ing sequence and structure domains to these proteins might
provide hints of protein function [99]. The search for struc-
tural templates using fold prediction [100-104] and homolo-
gy modelling [105] methods enables one to build the struc-
tural model of a protein with unknown structure [106-109].
Using these combined strategies of homology detection will
help in enriching the annotation and our knowledge about
the functions and structure of the MTb proteome, which
will further provide clues for structure-aided drug design.
Holton et al. have aptly pressed the need to also focus on
the structure of target complexes as well as single targets
as these protein-protein interfaces can be targeted for drug
design [110].

CHOPIN [109] is our in-house database built using an
automated homology-modelling pipeline (Vivace) and
stores homology models for 2911 MTb proteins (H37Rv

Database of mycobacterial
proteins’ models

A.
Oligomeric

model

Dimeric apo-form
model

Substrate-bound model

states B.
Ligand

G306R: Destabilizing
mutation

Figure 3. Structure and function annotation of Mycobacterium proteomes. The CHOPIN database of protein structure models for Mycobacterium tuberculosis proteome in-
cludes monomeric protein structures and also the ligand-bound structures (if a ligand-bound template can be used to build the model). A. An example shown from the da-
tabase is the protomeric model of the Mycobacterium tuberculosis protein Rv1462 (conserved hypothetical protein of unknown function), built using the crystal structure of
protein 1VH4 (stabilizer of iron transport). The oligomeric structures are now being implemented in the CHOPIN database for Mycobacterium tuberculosis. Here, the dimer
built for the Rv1462 protein using the dimeric crystal structure of stabilizer of iron transport from Escherichia coli (PDB ID: 1VH4) is shown. B. Eaxmples of ligand-bound
structures in the database. Inhibitor-bound protein-structure model of the MTb DNA gyraseB (Rv0005), modeled using the inhibitor-bound E. coli DNA gyrase (PDB ID:
3G7E) as template. Mycobacterium abscessus protein ATCC19977_M00147132 (an enzyme involved in purine synthesis pathway, purC), modeled with ATP (shown in red)
using the same pipeline as CHOPIN. In blue, is the homology model built using ATP-bound purC structure from Saccharomyces cerevisine (PDB ID: 10BD) and in pink is
the recent apo-form crystal structure (PDB ID: 3R9R) of purC from Mycobacterium abscessus. C. Mutant model included in the CHOPIN database for the protein Rv1240
(malate dehydrogenase) having G306R mutation, which is known to have deleterious effect.
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strain) (~73% coverage on the proteome) in different con-
formational states (apo and different ligand-bound). The
modelling pipeline begins with identification of structural
homolog(s) using a sequence-structure homology recogni-
tion approach, FUGUE [103]. This results in identification
of a set of multiple templates that can be used for building
a homology model using MODELER [105]. Figure 3 rep-
resents the different states of models (protomeric, oligo-
meric, inhibitor/substrate-bound and mutant models),
which are included in the CHOPIN database. An example
of annotation of an essential conserved protein with un-
known function in MTb (Rv1462) is highlighted in figure
3A. Rv1462 possesses a Pfam domain (PF01458, residues
135-360), which represents sulphur assimilation (SUF) sys-
tem of iron-sulphur cluster in eubacteria. The SUF system
comprises SufABCDSE proteins forming SufSE and Suf-
BCD assemblies. Rv1462 recognises a structural homolog
(PDB ID: 1VH4 (SufD protein), stabiliser of iron transport-
er) with 25% identity upon Fugue searches and is mod-
elled using our Fugue-Modeller pipeline in CHOPIN. The
ligand coordinates from the template are also retained (if
available) (Fig. 3B), which is advantageous, as modelling
proteins in their functional states with other proteins and
ligands allows one to predict their druggability.

CHORPIN also stores results of the predictions of effects
of mutations, collated from TDReaMDB [94] and the Broad
Institute [111], on protein stability using our in-house soft-
ware - SDM and mCSM. Figure 3C shows a wild type and
mutant model (G306R) of MTb protein Rv1240 (malate de-
hydrogenase enzyme). Site Directed Mutator, SDM [112,113]
is based on the analysis of naturally occurring amino-acid
substitutions and their use to predict thermodynamic quan-
tities while mCSM -mutation Cut-off Scanning Matrix [114],
is a machine learning approach, which relies on graph-based
signatures, encoding distance patterns between atoms, used
to represent the protein-residue environment and to train
predictive models. Our recent analysis of mutations giving
rise to resistance against front-line TB drugs has demon-
strated a high frequency of mutations that affect allosteric
sites and protein-protein interfaces in the proteins (Ascher
D, Pires D and Blundell TL, unpublished data).

CHOPIN is part of the Structural Interactome Computa-
tional Resource (SinCRe) for MTb, which is an integrated
database with domain architectures, functional and struc-
tural annotation, and protein-small-molecule interactions
and their binding site information [115]. Recently, using
profile-based search methods and protein fold prediction
software, 95% of the MTb proteome (full or partial proteins)
was assigned either functional or structural annotation
[116]. Undoubtedly, these efforts are crucial but there is still
a scope for further expansion of these resources. We are ex-
panding CHOPIN to include protein structural models for
additional MTb strains, information on protein-protein in-
teractions and adopting more sensitive methods in the pipe-
line to increase the number of proteins that can be modelled
(Malhotra S et al., unpublished). We are also including the
oligomeric models of MTb proteins based on the oligomeric
status of homologs of known structure (Fig. 3A). We will as-
sess the interfaces in the oligomeric models and score these
assemblies (Malhotra S et al., unpublished).
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Given the challenge of treating MAb infections [56,64],
progress in investigating and annotating the MTb ge-
nome has led to interest in examining the MAb genome.
The MADb genome is very poorly structurally annotated,
with only 30 structures available in the Protein Data Bank
(PDB) [117]. We are now extending and optimising the
tools and pipelines developed for the annotation of MTb
genome to study its proteome, which should significantly
improve our understanding of the Mab gene products and
their functions. This will give insights into determining the
folds and functions of the MAD proteins, as well as pro-
tein-protein and protein-ligand interactions (Malhotra S
and Blundell TL, unpublished).

An example of this modelling pipeline adapted for mod-
elling the MAD proteome is described in figure 3C. An en-
zyme from MADb is modelled using the ATP-bound purC
structure from Saccharomyces cerevisiae (PDB ID: 10BD).
Recently, a crystal structure for MAb purC (apo) was also
solved [118] (PDB ID: 3R9R, shown in pink in Fig. 3C).
The modelled structure we built was structurally similar
to the crystal structure and also had information about
the ATP-binding residues. The ATP-binding pocket was
also validated by superposing it over the crystal structure
of ATP-bound crystal structure of the MAb purC enzyme
(Thomas SE and Blundell TL, unpublished results).

TARGET IDENTIFICATION AND VALIDATION

Because genetic manipulation experiments of potential
target genes are often challenging and time consuming, the
preliminary choice of potential targets is usually based on
previous studies establishing functional significance and es-
sentiality of the target protein for bacterial growth and sur-
vival. If the protein has not been structurally or functionally
characterized, building a structural model using homology
modelling [105] can be useful. Mining the databases such
as Tuberculist [89] and CHOPIN [109] can also provide im-
portant information regarding orthologs of the target in oth-
er species, its function and druggability. Target validation is
often done by analysis of survival kinetics using conditional
knockout (KO) strains where appropriate.

FRAGMENT-BASED DRUG DISCOVERY
APPROACH - EXAMPLES AND IMPLICATIONS

In a recently published study from our group, we have
described the application of a fragment-merging approach
to develop small molecule inhibitors of Mycobacterium tuber-
culosis target protein EthR, in an effort to boost the effect of
the existing second-line drug, Ethionamide [119]. This drug
targets the enzyme 2-trans-enoyl reductase (InhA, part of
type II fatty acid synthase) and is activated by a flavin-de-
pendent monooxygenase, EthA, which is regulated by EthR.
The small molecules that bind in the 20 A hydrophobic cavi-
ty in EthR can be potentially used as booster compounds, as
they possess an allosteric effect on its DNA-binding ability,
which further weakens its transcriptional repressor activi-
ty. By merging the two fragments that bind in distinct re-
gions in the hydrophobic cavity, the full cavity can be cov-
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Figure 4. Fragment-merging approach to develop small-molecule inhibitors of Mycobacterium tuberculosis EthR. A. The region corresponding to the hydrophobic binding
cavity is shown with the binding pocket of EthR where the starting fragment 1 (in green) and fragment 2 (in purple) were found to occupy distinct sites, thus filling the
entire cavity. From [119], modified. B. Merging of the two fragments results in a significantly more potent lead (shown in blue) with IC, = 3 pM. From [119], modified. C.
A fragment-linking approach applied to phosphopantetheine adenylyltransferase (PPAT) protein from Mycobacterium abscessus. Superposition of three fragment-bound
structures of PPAT protein (in grey) where fragments are shown in blue, green and orange, occupying three different regions of the protein’s active site. D. PPAT with a
molecule designed by linking strategies using the fragments shown in blue and green series occupying the adenylyl binding region of the active site.

ered (Fig. 4A) and the merged molecule binds EthR with
increased potency (IC, = 3 uM, Fig. 4B).

We are also exploring drug targets for MAD infection us-
ing the FBDD approach and have successfully applied it to
phosphopantetheine adenylyltransferase (PPAT) protein,
which catalyses the penultimate step in the biosynthesis
of coenzyme-A in prokaryotes (Thomas SE et al., unpub-
lished results). PPAT protein consists of a large active site
region that corresponds to sites for binding to 4-phospho-
pantetheine (substrate), the ribose phosphate moiety and
adenylyl ring of 3’-dephospho-coenzyme-A (product), and
coenzyme-A (feedback inhibitor). Fragments binding these
three regions of the enzyme’s active site were identified,
as shown in figure 4C, D. Linking strategies on two such
fragment series, each of which have affinities in mM ranges,
have helped in the design of a compound with pM affinity.

CONCLUSIONS

The use of protein structure, defined by experimental and
computational approaches for HIV protease in the 1980s
and 1990s, for target identification and development of new
leads, was an archetypal example of the use of structural
biology to underpin drug discovery. The lessons learnt are
proving helpful in developing structure-guided approaches
to the design of antimicrobials against infectious diseases.
Combined with fragment-based drug discovery, the ap-
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proach allows efficient exploration of the chemical space
against targets like those of mycobacteria, where features,
such as the bacterial cell wall, demand the investigation of
molecules that are likely different - in size, lipophilicity and
other properties - than those optimised for human protein
targets. The structure-guided fragment-based approach
avoids the requirement for large screening libraries and pro-
vides a route to the discovery of new therapeutics that gives
hope for less costly but effective medicines for rare diseases
and those that affect the large populations of less affluent
parts of the world.
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STRESZCZENIE

Zastosowanie krystalografii bialek podczas wspomaganego struktura opracowywania lekéw umozliwia identyfikacje potencjalnych miejsc
wiazania inhibitora oraz optymalizacje warunkéw oddzialywan pomiedzy zwiazkami wiodacymi a bialkiem docelowym. Przykladem wcze-
$niejszego zastosowania tego typu podejécia bylo uzycie struktury proteazy HIV podczas projektowania lekéw antywirusowych przeciw
AIDS. W ostatnim czasie wspomagane struktura opracowywanie leku pozwolilo zwiekszy¢ wydajnos¢ wiazania liganda, a dzieki oparciu
projektowania na fragmencie czasteczki zmniejszono zlozonos¢ calego procesu i wielkos¢ biblioteki selekcyjnej. W niniejszym artykule
oméwiono zastosowanie metody wspomaganej struktura identyfikacji zwiazku docelowego oraz optymalizacji zwiazku wiodacego podczas
opartego na fragmencie opracowywania nowych zwiazkéw antybakteryjnych do stosowania w leczeniu zakazenh mykobakteriami.
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