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1. Introduction

As molecular bases of pathophysiologies are being decoded, drug discovery efforts
are also being increasingly focused on target-based approaches [1]. Target identifica-
tion is inevitably the first step in such a drug discovery pipeline. The target-
centric approach reflects a major paradigm shift from the ligand-centric one. Target
identification itself has not always taken advantage of rational systematic explora-
tions. Many targets that enter the pipeline are first chosen, based on the knowledge
of their roles in a given pathological process. Then they are typically taken through
an in vitro and in vivo validation process which is laborious, time consuming and
have high rates of attrition [2]. Newer methods are undoubtedly required to select
targets that are more likely to succeed. Toward this goal, computational approaches
have a high potential to obtain first shortlists-of targets 3-6].

2. Properties preferred in drug targets

Now, let us attempt to define an ‘ideal target’. A primary property required of an
ideal drug target is that the biological rationale of its use must be clearly evident.
Put simply, one could define a drug target as a macromolecule, most often a pro-
tein, whose manipulation could lead to removing the causes or relieving the symp-
toms caused by the underlying pathophysiology. Manipulation is predominantly
achieved by small molecules, although the use of biologicals including peptides
and antibodies is catching up rapidly. Manipulation itself could be in the form of
inhibition or augmentation of the natural function of the protein. However, though
the biological relevance is an essential criterion, it is by itself insufficient to define a
good drug target. Additional important criteria that need to be met by an ideal tar-
get are: 1) essentiality — it should be essential to the system responsible for the path-
ophysiology, ii) process/condition specificity — it should be specific to the disease
process or state, iii) species/family specificity - it should be specific to the pathogen
species or family (where applicable), as detected by conservation of the protein in
related organisms, iv) druggability or chemical tractability - it should reflect whether
its function can be manipulated by an appropriate small molecule, v) biological trac-
tability and assayability that reflects if the target is available in sufficient quantities
in vivo and whether suitable methods are available to test the function of the protein
and thereby study extent of inhibition or activation by candidate lead molecules [1].
In addition, in the recent years, other criteria such as vi) virulence factors as novel
strategies for therapeutic intervention (7], vii) low mutability to lower chances of
drug resistance [7], viii) alterations in the quantitative profile of the target/reac-
tion/pathway, ix) side effect similarity to a known drug/corresponding target (8]
and x) toxicity, are all being explored as additional criteria for target selection. Yet
another important aspect being explored is the xi) combination of two or few targets
from the same disease system, such that the impact will be synergistic. The following
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Property Questions addressed Method
Is a knock-out of this gene/protein detrimental e N\
Essentiality to the system? Network analysis
Is there an alternate protein or pathway in the cell Kinetic modeling
Impact that can compensate for the loss of this protein? Flux balance analysis

Is the protein directly of indirectly a cause of the

disease/symptoms? Rule-based modelling
m _ - J
Is the target specific to the pathogen or is there a s ~
homologue in the host? . .
Topological analysis
Is there atleast one binding site that can bind to a
small molecule drug? Network flow y
Will the binding of the small molecule reverse in
part or full, the given pathology? Identification of functionally
relevant ligand binding sites
Is there a known class of small molecule chemical
compounds that can bind to this protein? . "
Ligand association
Does the site appear to have capability of binding docking
to a ligand with high affinity and selectivity? Large scale binding site
comparison
Is the sufficient sequence variation to allow (with sites in the host proteome)
differential binding of small molecules?
Structural models
Is the target available in sufficient numbers? structure to function
. . . correlations
Is it functionally and structurally characterized?
Analysis of gene expression
Does it have membership in a target family and is g p?ofiles =
there a known assay?
Is the target prone to acquiring drug resistant Sequence alignments
mutations? database searches

Is this molecule known to be related to toxicity?

Relevance to the given
pathophysiology

Specificity

Druggability
(chemical tractability)

Selectivity

Assayability
(biological tractability)

Virulence

Mutability

Side-effect similarity

Toxicity — anti targets

Phylogenetic trees
clustergrams

Figure 1. Properties preferred in drug targets and computational methods for identifying targets based on them. The nature
of the method as well as the questions that need can be addressed while choosing a protein as a potential drug target are

also indicated.
section describes how computational methods can be

employed for screening entire genomes with each of these
criteria (Figure 1).

3. Scope of computational approaches

It is clear that biological information gathered in literature
and databases span across various levels of hierarchy of biolog-
ical organization since biology is studied in all these different
levels (9]. Clues for drug target identification can come from
any of these levels shown in Figure 2. For pathogenic diseases,
comparisons of the sequence of the causative strain with those
in the sequence databases readily identify the clade and the
family the given genome belongs to. Comparisons with
focused datasets of closely related sequences, lead to identifi-
cation of those proteins that are either unique or at least
sufficiently different from its counterparts from avirulent or
less potent strains of the pathogen, thereby providing a first

list of potential drug targets. Thus, specificity can be
addressed easily through analyses of genome sequences. For
designing broad-spectrum antibacterials, knowledge on clade
specificity through phylogenetic profiling, will be extremely
useful for identifying appropriate targets. Where three-
dimensional structures or high-confidence prediction of struc-
tural models are available, specificity can be addressed at a
higher resolution by comparing three-dimensional structures
of the target protein(s) with other proteins in its own cell as
well as any other relevant cell. For this purpose, sub-
structure or functional site comparison is often more
insightful [10].

Besides providing insights into specificity, structural models
can be used to analyze another important parameter, that is,
druggability [11]. Molecular recognition events that enable
specific binding of the drug to the target are fundamental to
all aspects of drug action. Knowledge of the structure of the
target macromolecule helps us in estimating whether it can
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Comparison of disease phenotype characteristics;
comparative genomics to identify unique genes;
populations dynamic models; molecular epidemiology
linking strain type to sequences

Host-pathogen interactions; Graph analysis;
Identification of critical proteins (hubs); description of
cell morphologies

Genotype-phenotype correlations; regulation
and signal transduction

Protein-protein interactions, influences and
dependencies of biomolecules

Kinetic modelling; flux balance analysis; identification
of critical enzymes and reaction flux

Structural analysis; Identification of interfaces of
complexes; possible functional roles and strategies
to prevent complex formation

Structural models of proteins; comparison of unique
structures; structural alignments

Comparison of genome sequences; multiple sequence
alignments; phylogenetic trees

Sequence patterns; gene ontologies; sequence to
function models; SNPs and mutations

Structural motifs; binding site similarities; catalytic
site patterns; surfaces and volumes

Figure 2. Various levels of hierarchy at which a system can be studied to identify drug targets. Some are already being used
widely, but some have the potential to be explored in the coming years for target discovery. The lower pyramid illustrates the
different levels of organization in the cell, while the upper pyramid illustrates high order interactions, at cellular levels as well

as organismal levels.

bind specifically to a small molecule and whether its function
can be manipulated with suitable small molecule ligands. For
this, the binding site(s) are identified and the nature of the
site characterized. Those that have deep grooves with sufficient
cavity convexity and interaction potential and located strategi-
cally to influence the function of the protein would make the
targets druggable [12). Structural bioinformatics methods
including ligand docking can be valuable in estimating ligand
binding potential [13,14]. A study of Mycobacterium tuberculosis
(Mtb) proteome indicates the usefulness of computational
methods for this purpose [15]. Using proteome-wide structural
models of both host cell and pathogen, possible pockets were
first detected by binding site prediction algorithms, and then
compared with each other by all-versus all-site matching,
thereby identifying unique pockets in Mtb. By combining this
with residue-wise conservation analyses, a druggability check is
automatically performed. A similar concept reported subse-
quently, termed as a chemical systematic biology approach,
identifies off-targets through its ligand-binding sites [16].

Essentality is inherently a systems’ property and cannot be
addressed by studying proteins individually. Systems approaches
are needed to study such issues. This can be achieved through
different approaches. Kinetic modeling is one of the best
approaches so far, to get a quantitative appreciation, but can gen-
erally be used at the level of individual metabolic or signaling
pathways [17]. Since parameters required for kinetic modeling
are not available in most cases, especially at a genome scale, sev-
eral constraint-based methods have been in use. Flux balance
analysis is one such method, in which genome-scale metabolic
models can be analyzed through systematic perturbations to
identify lethal gene deletions. This method has been used to
study metabolism in many bacteria [18]. The set of proteins,
without which no growth is observed in the models are consid-
ered as essential and hence as potential drug targets. Networks
capturing structural or functional protein-protein interactions
can be analyzed to identify the set of proteins that are important
for maintaining network structure [19]. Topological analyses
using graph theoretical methods can be used to identify hubs
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and choke-points [20], useful for target identification. Resilience
of network topologies can also be probed by deletion of nodes or
edges [21]. Conditional specificity such as the relevance of a cer-
tain protein for a given state of the disease or disease-
causing organism can be studied through networks by
integrating genomics data from gene-expression profiling or
similar studies [22].

Emergence of drug resistance is a major problem confront-
ing us for many diseases, particularly with antibacterial and
antiviral agents. Suggested strategies to counter this include
use of proteins that are less mutable and hence less prone to
resistance [7]. Virulence factors in bacteria are believed to
come under this category and could serve as possible targets.
Using network analyses it has been hypothesized that
certain proteins may serve as hub nodes in triggering the
emergence of resistance and could be co-targeted along with
the primary target, so as to inhibit the resistance mechanism
itself [23).

Traditionally, drug safety has been addressed by modifica-
tion of the drug molecule itself, but a careful choice of the tar-
get molecule can be helpful in addressing safety right at the
beginning of the drug discovery process. To address the issue
of toxicity, similarity to the gut flora proteins can be com-
puted. For this, the potential set of targets can be compared
by sequence alignment methods to the millions of proteins
in the meta-genome of the gut flora containing about 100 dif-
ferent organisms. Those that have close homologues in any of
the gut flora can be eliminated from the target discovery pipe-
line [15]. This is done so that we do not ultimately design a
drug that will unwittingly inhibit proteins in the gut flora,
which are now well recognized to be required for the mainte-
nance of our normal health. Side effects of many existing anti-
biotics are linked to this phenomenon (8]. Another important
issue that is addressed through genome sequence comparisons
is the emergence of toxicity due to unintentional binding to
anti-targets. Care could be taken to choose a target such that
it is sufficiently different from the host proteins, belonging
to the class of anti-targets. Proteins such as the transporters
and pumps, which modify the bio-availability of a drug by
their efflux action, or those proteins that trigger hazardous
side effects, such as the hERG protein are termed as ‘anti-
targets’ [24]. By considering these aspects early in the drug dis-
covery pipeline, the risk of failure of the drug candidates in
the later stages of drug discovery can be minimized.

It has been suggested that a more useful approach for target
discovery would be to identify protein combinations that per-
turb the robustness often seen in disease-causing phenotypes,
rather than the conventional approach of hitting one target
at a time [25. A fact that lends support to this approach is
the wide clinical practice of prescribing a combination of
drugs for many diseases. Systems level analyses are useful in
identifying optimal combinations as possible drug targets [26].
Databases capturing a variety of these aspects are proving to
be useful resources for scientists in the field. TDR database
which contains druggability predictions for potential drug

targets in tropical disease pathogens and compound desirabil-
ity information is one such example [27].

4. Expert opinion

Drug discovery has witnessed a paradigm shift from the tradi-
tional medicinal chemistry-based ligand-oriented approaches
to rational drug target identification and target-driven lead
discovery, by targeting the molecular mechanisms of disease.
However, there is some concern that target-based discovery
has not shown increase in productivity over the traditional
physiology-based approach [2829]. A solution to this could
be in the careful choice of targets by considering multiple
aspects that influence the outcome of various steps of the
drug discovery pipeline, so that target identification becomes
more prudent and less prone to failures.

Availability of high throughput ‘omics’-scale data is influ-
encing every sphere of biology research, pervading to drug dis-
covery as well. The scale of the data and the inherent
complexity of the underlying system, necessitates the use of
computational approaches. The field has many examples of
overstated anticipations, disappointments as well as successes.
It is important to recognize that different approaches
come with their own advantages and limitations. Hence
integration of different approaches in an appropriate manner
is possibly the key to success. Computational approaches
should be viewed as providing a strong focus to designing
specific experiments so that only a handful of possibilities
can be tested rather than having to search for a needle in
a haystack.

Computational methods of the type discussed here have
several distinct advantages: i) model building is based on
precise descriptions of both the genotype and phenotype,
making correlations more meaningful, ii) such models enable
the dissection of precise roles of each component through
systematic perturbations, iii) models are amenable to simula-
tions under a wide variety of conditions, some of which may
be impractical to study experimentally and iv) they can be car-
ried out at low cost and high speed, yet integrating much of
the knowledge gained on that component over the years.
However, it is important to note that a model is only as
good as our understanding of what constitutes a system.
Both the resolution of individual components as well as the
abstraction levels of the models need to be, therefore, borne
in mind to draw conclusions more meaningfully.

Many of the criteria required for defining a good target, can
be analyzed using computational methods. Computational
models span a wide range of levels, covering sequence, struc-
tural and recently also systems levels. The first two provide
functional clues, and ligand recognition properties, for
evaluating target feasibility. The conventional method of
focusing on a single protein at a time, however, important
the protein may be, would mean losing perspective of its
larger context. Broader insights about the appropriateness of
a potential target can be obtained by considering pathways

978 Expert Opin. Drug Discov. (2011) 6(10)



and whole-system models relevant to that disease. Although
systems thinking is not new to biology, the current practice
of systems biology attempts to reconstruct the system, brick
by brick and hence facilitates an understanding of why and
how an event takes place, automatically leading to ‘what if’
type of questions, and hence predictions, rather than the
conventional approach of merely recording a systems’ output
from a ‘black-box’ without knowing why or how, such an
output results. Systems models allow us to address important
aspects in target discovery such as essendality, safety,
combination targets and even polypharmacology.

Chandra

The predictive power provided by data-driven computation
has long been a critical component in product development
and safety testing in engineering. It is only logical to expect
that biology too, and in particular drug discovery, will increas-
ingly benefit from large-scale informatics, modeling and
simulations in the coming years.
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