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Summary

Structural genomics projects are producing protein structure data at an unprecedented rate. In this paper, we present the Target
Informatics Platform (TIP), a novel structural informatics approach for amplifying the rapidly expanding body of experimental
protein structure information to enhance the discovery and optimization of small molecule protein modulators on a genomic
scale. In TIP, existing experimental structure information is augmented using a homology modeling approach, and binding
sites across multiple target families are compared using a clique detection algorithm. We report here a detailed analysis of
the structural coverage for the set of druggable human targets, highlighting drug target families where the level of structural
knowledge is currently quite high, as well as those areas where structural knowledge is sparse. Furthermore, we demonstrate
the utility of TIP’s intra- and inter-family binding site similarity analysis using a series of retrospective case studies. Our
analysis underscores the utility of a structural informatics infrastructure for extracting drug discovery-relevant information from
structural data, aiding researchers in the identification of lead discovery and optimization opportunities as well as potential

“off-target” liabilities.

Introduction

The completion of the human genome in 2001 revealed that
the total number of human genes is somewhere between
30,000 and 40,000 [1]. Recent analysis, however, has sug-
gested that the number of potential drug targets coded by the
human genome may in fact be much smaller than originally
speculated, with all currently marketed drugs being directed
at only 120 unique targets [2]. Homology-based extrapola-
tion of this number to the entire genome indicates that the
total number of potentially druggable targets may range from
3000 to 5000, with only a subset of these targets expected to
be directly linked to a disease state [3].

While novel, druggable, and clinically relevant targets
may represent a limited subset of the genome, these targets
are commonly members of larger protein families whose con-
stituents share many of the same sequence, structure, and
binding site characteristics as the primary druggable target.
Complicating matters, these similar targets may not be rel-
evant to the particular disease state due to differing tissue
distribution, expression levels, or regulation under differ-
ent physiological conditions. Hence, even though the abso-
lute number of druggable, disease-relevant targets is limited,
the number of undesirable “off-targets” for any given small

molecule modulator can be quite large, supporting the well
established need for technologies capable of uncovering po-
tential selectivity and cross-reactivity issues as early in the
drug development process as possible.

Following the completion of the human genome, struc-
tural genomics emerged as a major research initiative charged
with providing structural and functional information for all
human proteins. Two of the most well-funded structural ge-
nomics efforts are the Protein Structure Initiative (PSI) [4],
which is focused primarily on solving one structure for every
major protein fold family, and the recently launched Struc-
tural Genomics Consortium (SGC) [5], which is focused al-
most entirely on solving the structures of human proteins.
Given its focus on human proteins, the SGC project is ex-
pected to significantly expand the experimental structural in-
formation available for the “druggable” human genome.

During and after the elucidation of the human genome, the
field of bioinformatics matured very quickly to address the
need for the useful organization and analysis of the emerging
landslide of gene sequence data. A computational community
of similar size and resolve has yet to emerge for the organiza-
tion and analysis of the landslide of structural data produced
by structural genomics. Indeed, the well known structural
family classification resources such as SCOP [6], CATH [7],



Figure 1. Overview of the algorithms applied within the target informatics platform. These algorithms are used to amplify the initial information contained
in the TIP database: the protein sequences from the International Protein Index database (IPI) [11], and the protein structures from the Protein Data Bank
(PDB) [12]. The algorithm engine in TIP proceeds as follows: First, the sequence similarity relationships are calculated using the BLAST algorithm [13]. Next,
structures are determined for each sequence using the homology modeling algorithm, STRUCTFAST [14]. After the structures have been determined, their
associated small molecule binding and protein-protein interaction sites are determined using the site finding algorithm, SiteSeeker [15]. After this step, the
similarity relationships between each of the structures are calculated using the structure alignment algorithm StructSorter. Finally, the binding site similarity
relationships are calculated using a weighted clique detection algorithm called SiteSorter [16]. It has been independently reported elsewhere that clique detection
algorithms are capable of determining similarities between small molecule binding and protein-protein interaction sites on targets that do not share any sequence
or structure homology [17]. Since structure determination, structure alignment, and site alignment require significantly more computation time than sequence
alignment via BLAST, a database has been integrated into TIP to store the results of these calculations and automatically initiate new calculations when new
experimental structure data is uploaded. In a separate publication, we have reported on a clustering methodology that allows us to continuously update and
maintain the TIP database of structural alignments in a computationally efficient manner[18]. These calculations required approximately 3 months to complete
on a 128-node Linux cluster (3 GHz processors) for the 30,000 structures in the PDB and the 25,000 human target sequences in TIP. Currently, we are
calculating other drug discovery relevant proteomes, such as mouse and rat, and various pathogenic species.

and FSSP [8], Gene3D [9], and VAST [10], have yet to be
extended to address the drug discovery relevant problem of
target binding site similarity and cross-reactivity.

The incredible progress made by the experimental protein
structure community in this decade establishes two important
challenges to the computational community. First, since the
various structural genomics projects are not projected to com-
plete the human structural proteome within the next two
decades, there is a need for computational approaches that are
capable of amplifying the existing structural data to broaden
the current structural coverage of druggable target space. Sec-
ond, since the probability of having multiple structures per
target family has increased significantly, there is a need for
new informatics approaches capable of leveraging structural
data in a holistic manner to enhance the discovery and opti-
mization of selective small molecule protein modulators on
a genomic scale.

In this paper, we report a novel structural informatics ap-
proach to storing, organizing, and amplifying the growing
body of experimental protein structure data. Since the precise
details of the database architecture and algorithmic methods
utilized in our approach are beyond the scope of this publica-
tion and will be published elsewhere, this paper will outline
the general framework of our approach and report on its ca-
pacity to address the two computational challenges outlined,
specifically addressing how our approach has been applied
for annotating the druggable human genome with structural
information.

Methods

The Target Informatics Platform (TIP) consists of a fully
automated computational approach for determining protein









Figure 5. Example of potential opportunities and liabilities that can be exposed through off-target binding site similarity relationships. We performed a site-based
similarity search using the COX-2 binding site for the inhibitor celecoxib as the query to retrieve similar “off-target” sites from the full database of druggable
binding sites in TIP. Two of the top-ranking sites were the agonist binding site of PPAR-gamma, and the PAP co-factor-binding site of estrogen sulfotransferase
(SULT1E1L). The top right figure shows celecoxib overlaid into the PPAR-gamma agonist binding-pocket, derived from an optimal overlay of the two sites
using the site overlay feature of our EVE software. The binding pocket shapes are well conserved, as are several key binding residues. Interestingly, it has been
established in the literature that numerous COX-2 inhibitors do in fact also have PPAR agonist activity [28]. A detailed understanding of the similarity between
these two sites offers the off-target opportunity that COX inhibitor scaffolds may represent useful starting points for the design of novel PPAR ligands. On the
other hand, the similarity to the PAP co-factor binding site of SULT1E1 (bottom right) represents a potential off-target liabiliry due to possible interference with
normal estrogen metabolism, since SULT1EL is responsible for the conversion of estradiol to its inactive sulfoconjugate [29]. Furthermore, it is possible that
the well publicized hypertensive side effects of COX-2 inhibitors such as Celebrex and Vioxx may be indirectly related to sulfotransferase inhibition. In fact
the COX-2 inhibitor etoricoxib (Arcoxia, approved in EU) is known to inhibit SULT1E1 [30], leading to increased serum concentrations of ethinylestradiol.
Interestingly, separate studies have been shown that high serum concentrations of ethinylestradiol can contribute to increased fluid retention and hypertension

via activation of the renin-angiotensin-aldosterone system [31].

but new structural information for these well-validated drug
targets will undoubtedly have the greatest impact on drug
discovery.

As the output of high throughput structural genomics
initiatives and techniques for membrane protein crystalliza-
tion continue to improve over the next five to ten years,
we can expect the structural coverage of many important,
therapeutically relevant gene families to become much more
complete. As these new crystal structures are deposited to the
public domain to fill in the holes in structural space, the abil-
ity to produce more and more accurate comparative models
to fill in the remaining gaps will concurrently improve.

With over 30,000 experimental protein structures cur-
rently in the PDB, and approximately 100 new crystal struc-
tures being deposited to the PDB per week, it is becom-
ing increasingly important to develop efficient infrastruc-
tures for properly storing, annotating, mining, and analyz-
ing this deluge of structural data, in much the same way
that analogous infrastructures have been developed to han-
dle large amounts of sequence, chemical structure, and gene
expression data in the disciplines of bioinformatics, chem-
informatics, and proteomics, respectively. As the amount of
structural data increases, structural informatics databases and
data-mining tools such as the Target Informatics Platform
will be necessary to extract the maximum value from every

new experimental structure that is solved. Most importantly,
structural informatics approaches for analyzing ligand bind-
ing site similarities on a proteome-wide scale have particular
value in identifying off-target cross-reactivity, giving discov-
ery researchers powerful insight into potential risks and op-
portunities as early in discovery as possible.
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