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▼ Since their inception in the early 1990s,
genome-sequencing projects have been ex-
ceptionally successful, and the number of
fully sequenced genomes has grown impres-
sively. Many genome sequences are publicly
available, including associated annotations
and curated updates based on new experi-
mentation [1,2]. This wealth of information
has opened many new avenues of investi-
gation. Of particular interest is the effect of
genomic data on drug discovery. This review
focuses on the question, ‘How can we effec-
tively use this new information to accelerate
the development of new therapeutics that 
target gene products or their functions?’

The nucleotide sequences generated by both
high-throughput sequencing and differential
expression methods provide vast amounts of
new information that must be evaluated. This
is sometimes described as a ‘deluge of targets’;
however, it is more accurately described as a
deluge of putative protein sequences. These
proteins are not necessarily drug targets in 
the pharmaceutical sense today because their 
biochemical and biological functions are 
unverified and, in many cases, unknown.
Indeed, some might not even be proteins that
are actually expressed in vivo. Although the
number of current drug targets derived from

genomic sequences is low, genomic datasets
offer the promise of a rich source of bona fide
drug targets that are waiting to be identified.

The post-genomic era also provides signifi-
cant challenges for lead discovery, that is, the
identification and validation of small mol-
ecules that modulate the function of specific
protein targets. The first challenge is the need
for any lead discovery effort to deal with
larger numbers of possible targets. Most phar-
maceutical companies’ discovery strategies
rely on HTS of large compound libraries
against a selected target protein. These meth-
ods hinge on having a reliable assay typically
using cell-based reporter activity, character-
ized enzymatic activity or competitive bind-
ing against a known ligand. These methods
have high monetary and resource costs, and
limit the number of targets that can be screened
simultaneously. Additionally, the number 
of false positive hits from HTS is often high,
requiring a secondary assay to validate the
true positives.

Certain screening strategies have been de-
veloped that circumvent the need for a priori
enzymatic or ligand binding knowledge. For
instance, both NMR and X-ray crystallogra-
phy-based screening methods that detect
binding rather than activity have been used
to provide lead compounds without the need
for functional knowledge [3–5]. Binding 
affinity has also been probed using MS tech-
niques linked to NMR [6]. Libraries of biologi-
cally common reactants, products, inhibitors
and co-factors can be screened to provide im-
portant functional information and chemical
handles for further assay development and
lead optimization [7]. In addition to screening
technologies, the advancement of structure-
guided drug design has aided the development
of therapeutics in several important enzyme
classes, including proteases, kinases, and
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phosphatases among others [8–11]. Nonetheless, both HTS
and structural-biology based methods typically rely on an-
alyzing single proteins serially, limiting the scope of poten-
tial targets to be examined. To address the potentially large
target set(s) generated by proteomics, new methods that
leverage the best features of existing methods but that op-
erate automatically and effectively manage resource costs
and timescales must be developed.

Another challenge facing pharmaceutical research is the
need for selectivity in lead identification. A full under-
standing of proteomic data provides a unique opportunity
to compare the interactions of small molecules with many
proteins encoded by a given genome (or even several
genomes), particularly those that are functionally related.
The opportunity to develop, from the early stages of the
discovery process, truly selective compounds and libraries
is now at hand. Such a capability should ultimately decrease

the failure rate of compounds in development resulting
from cross-reactivity-dependent toxicity, thus lowering the
cost and time of the drug discovery process.

A common starting point used in the mining of genomic
sequences for drug leads involves identifying the function
of gene products. Information about pathway involvement,
catalytic activity, protein class, or active-site chemistry,
among other functional features (Fig. 1), provides knowledge
that can be used in therapeutic design. With functional
information in hand, decisions about assay development,
screening, and validation are more straightforward and
scalable. In fact, once function has been identified across a
genome, enumeration of the entire functional ‘family’ of
interest allows the potential for screening or design of
small molecules that are specific for individual members
within each functional family – a ‘functional family’ 
approach to drug discovery [12–14]. Parallel large-scale
processes and analyses to identify function first will be key
for this lead discovery approach to be successful in the
post-genomic era.

Protein function assignment methods for identifying
new targets and lead compounds
Biological function is defined quite widely and in cases
where experimental evidence is lacking, any level of func-
tional annotation can provide information useful to 
discovery efforts. Initially, function is often inferred by 
sequence similarity at either the DNA or amino acid level.
If the sequences are ‘similar enough’, the pre-determined
function from one sequence is automatically transferred to
the other sequence, a practice that can lead to misannota-
tion, misinterpretation and a disturbing propagation of 
errors [15].

Experimental methodologies have opened up several
strategies for large-scale functional annotation at the cellu-
lar level. Expression monitoring [serial analysis of gene ex-
pression (SAGE) or expression array profiling] is a common
approach used to identify sets of gene products involved 
in cellular function [16]. The interest in parallel protein
analysis has led to advances in designing protein chips
[17,18] and protein-interaction methods [19] for arraying
protein sets for function. Notably, researchers have re-
cently used tandem-affinity purification (TAP) to identify
protein complexes in the yeast proteome and thus link, on
a large-scale, protein networks or complexes that operate
together to carry out cellular function [20]. The advantage
to these methods is that gene product function can be
identified within the complex biological environment,
yielding valuable target validation data. Several disadvan-
tages limit the use of these methods, including gene prod-
ucts that have low copy numbers, are transiently expressed,
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Figure 1. Proteins contain multiple features important for
molecular function, including structure, activity, specificity and
regulation. The crystal structure of a serine-threonine
phosphatase [Protein Data Bank (PDB) code 1fjm] bound to
microcystin-Lr toxin inhibitor (orange space-filling model)
reveals key amino acid positions and inhibitor binding-site
geometry. The molecular function of this protein is completely
described by four different functional sites: two metal binding
sites (pink and green side-chains); a catalytic and substrate
binding site (red residues); and a redox site (yellow residues)
[62] at the surface of the protein. Information about the overall
phosphatase activity is informative, but additional information
about the active-site geometry and a separate, putative
modulating site yields knowledge that can be leveraged in lead
discovery.



or produce inactive proteins. Recent comparison has sug-
gested that the false positive of these methods is extremely
high [21].

The most informative and powerful cellular approaches
combine function annotation with small-molecule lead
discovery. Expression monitoring approaches have been
used to tease out biological effects of drugs on particular
functional classes [22,23], to tweak signaling pathways
[24], and to qualify small-molecule modulators against a
proteome [25]. Phage display methods have been reported
to be useful in identifying cellular targets for small mol-
ecules [26,27]. New parallel approaches offer details about
the chemistry of the target or the likely shape of a suitable
ligand. Chemical approaches such as affinity tagging [28,29]
or ‘click’ chemistry [30] provide functional information
about active-site chemistries and geometries. Selective
chemical probes that take advantage of covalent inhibition
have been designed to target specific protein families with
similar active-site chemistries [31,32]. These chemistry-
based methods have the distinct advantage of detecting 
active proteins in the cell and provide a starting platform
for refining small-molecule affinity and selectivity.
Importantly, these approaches when integrated with bio-
chemical experiments provide pharmaceutical researchers
with small-molecule leads, even without a priori knowledge
of protein target identification or structure.

Nonetheless, optimization of a lead to a clinical devel-
opment candidate involves iterative chemistry cycles 
to improve targeting, specificity, transport and toxicology
profile. There is a need to understand how small molecules
could potentially interact with many other proteins, not
only the particular ‘target’ of therapeutic value. Although
recent efforts [33–35] have shown the great power of link-
ing protein engineering with chemical genomics to study
protein function on a large-scale, engineered targets and
unnatural pathway design strategies do not, in all proba-
bility, offer options for therapeutic intervention in hu-
mans. At this later stage of drug development, structural
and physicochemical characterization of the target pro-
tein, its potential binding site(s), and analysis for other 
potential competing binding sites on other proteins are 
invaluable. Meaningful incorporation of this knowledge
requires parallel genome-wide functional assignment in
which function is determined early in the discovery
process, providing thorough identification of entire fami-
lies with a low false-positive rate.

Use of structure for function identification
Protein structure information is not necessarily available
for all sequences that are currently pharmaceutical targets,
and even in some cases such as GPCRs, structural information

is severely limited [36]. Structural proteomic efforts [37]
aim to provide high-throughput solutions to experimental
structure determination, while mapping protein structure
space, much as the genomic sequencing projects provided
a high-throughput solution to genome sequencing. With
representative structures covering ‘fold space’, computa-
tional methods can be used to predict the folds of closely
related proteins, or fold family members. Homology 
modeling methods are usually robust enough to generate 
reasonable structure models when sequence similarity 
between an experimentally characterized sequence and 
an unknown sequence is >30%. Accurate computational 
models can provide valuable information, allowing some
evaluation of the physicochemical properties of the pro-
tein’s active, or functional, sites for lead discovery and de-
velopment; however, many proteins are not 30% identical
to proteins of known structure.

Currently, experimental structural efforts are resource
intensive and are limited to proteins that can be cloned,
expressed and purified in sufficient quantities to allow tar-
get structure determination. Proteins must form diffrac-
tion-quality crystals for X-ray crystallography or be well
behaved in solution at sufficient concentrations for NMR
spectroscopy. Many, although not all, proteins will satisfy
these criteria [38]. Only after protein samples are available
can structural biology methods determine high quality
structures. At this time, none of these methods is fully au-
tomatable on a large-scale. The availability of sufficient
public and private funding [38,39] ensures that many of
the current difficulties in protein production will be tackled
and eventually solved.

Even if structural determination was cheap and easy,
knowing a protein’s tertiary structure is not necessarily
enough to determine the function of a protein or identify
potential small-molecule binding sites. Protein structure
determination is often viewed as one method for deter-
mining molecular function. The structure of the target 
protein is compared with that of a protein with pre-deter-
mined function, and if their structures are ‘similar enough’
a functional inference is made. Unfortunately, as in se-
quence genomics, this approach only works some of the
time [40]. Recent studies of currently available structures
have shown that functional inference can correctly predict
molecular function for <50% of the proteins analyzed
[41,42]. Early reports [43] from structural genomics efforts
indicate that it is not straightforward to identify biochemical
function or functional sites for unannotated proteins even
with high-resolution structures in hand. In addition, pro-
teins with different structures can support the same activ-
ity, complicating the problem of structure-based functional
assignment (Fig. 2). These findings highlight the need for
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biochemical or functional information from sources that
are complementary to protein structure.

The function-first approach to structural and 
chemo-proteomics
To address the lack of structure and function information
early in the lead discovery process, we have developed a
‘function-first’ approach, using unique capabilities in func-
tion and structure identification. The process starts with
the identification of a set of protein sequences in the
human proteome that exhibit a particular functional site
that carries out catalysis, binds substrate or, perhaps, has
been previously identified as an inhibitor binding site.

Instead of using sequence or global structural similarity
to identify protein families, we have chosen to classify 
proteins based on their functional sites. For example, the
kinase and serine protease protein families have well-
characterized representatives that are therapeutic targets
[44,45]. Despite their common family designation, protein
families can include members with greatly different global
folds and even different active-site structures (Fig. 2). The

three-dimensional (3D) structure and
the chemical characteristics of these
functional sites can be analyzed to
identify similarities and differences,
recognizing that they are key to 
specific drug design, with the added 
advantage of being able to identify
multiple functional sites within a 
single domain (Fig. 1). Protein struc-
tures of family members are solved by
a novel combination of protein folding
algorithms [46–48] coupled with sparse
NMR constraints [49]. A combination
of virtual screening tools and comple-
mentary experimental methods iden-
tifies small molecules that bind gener-
ally to several family members or
specifically to one family member. This
unique chemo-proteomic approach
provides small-molecule leads on a
large-scale, based on both structural
and chemical information about target
active sites. This approach provides
crucial time and resource savings com-
pared with large-scale parallel structure
determination methods [50]. The next
sections of this review outline key
technologies and approaches to struc-
tural proteomics and lead discovery
based on this function-first approach.

Rapid and approximate structure analysis
The first step in the function-first approach is the genera-
tion of approximate models for many protein sequences,
using protein folding algorithms developed by Skolnick
and co-workers [46–48]. Although these algorithms rou-
tinely perform well in CASP competitions [51,52], they 
suffer many of the same pitfalls of all protein folding 
algorithms. Because energy potentials are not all-encom-
passing and scoring functions can still be improved,
today’s protein folding algorithms typically produce only
approximate models. Although not of the atomic-level 
detail provided by X-ray structures, these models are 
sufficient for automated proteomic functional analysis.

Functional site identification
We have developed a technique to identify biochemical
function using Fuzzy Functional Forms™ (FFFs): motifs
that describe the chemistry and geometry of functional
sites in proteins [53–55]. FFFs are based on known, experi-
mentally determined structures available in the Protein
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Figure 2. Functional sites contain amino acids important for both activity and specificity.
The active sites of three serine proteases (trypsin clan) are shown here (a–d). Trypsin
[Protein Data Bank (PDB) code 1trnA] is specific for basic residues at the P1 position;
elastase (PDB code 1b0fA) is specific for non-polar hydrophobic residues at the P1
position; and glutamic acid specific protease (PDB code 1hpgA) is specific for acidic
residues at the P1 position. Panel (a) shows a superposition of the catalytic triads,
demonstrating the conserved geometry underlying the chemistry common to all three
proteins. The functional sites, encompassing the catalytic triad (orange sidechains) and
the P1 pocket (positions key for specificity are colored green, teal and blue) for trypsin
(b), elastase (c) and glutamic acid-specific protease (d) are illustrated. Differences in the
binding pocket geometry and chemistry lead to the selectivity of these proteins for
substrates. The information that is distinct in each site could be exploited in post-
genomic drug discovery.



Data Bank (PDB; http://www.rcsb.org/pdb). First, a set of
key functional residues is identified in one or more func-
tionally related protein structures. Residues are selected on
the basis of the specific function, structure, or chemistry in
which they participate. Next, a set of geometric constraints
is defined that relates the relative location of the selected
critical residues in 3D space. A key criterion for each FFF is
the variability or flexibility allowed for each geometric
constraint. Some geometric constraints are tightly defined,
whereas others can be more varied.

The next step: a highly focused, functional family approach
to structure-based drug discovery
The utility of the ‘function-first’ approach in drug discov-
ery is readily seen when applied not simply to individual
proteins, but when classes of targets (i.e. functional fami-
lies) are examined. The goal of identifying focused families
of proteins can be accomplished by taking full advantage
of two pieces of information: (1) the detailed knowledge of
the chemistry and functional site structure that is identi-
fied by the FFFs, and (2) using computational models to
yield valuable biological and functional site information
necessary for drug discovery. In this process, FFFs are used
to identify all proteins in the human genome that display
a given functional site [54,55].

Importantly, although functional sites are generally
well-conserved within functional families, it is subtle dif-
ferences near the functional sites (amino acid changes
and/or their spatial arrangement) that lead to distinct bio-
logical activities and specificities (Fig. 2). These differences
and similarities proximal to the functional site lead to a
method for family sub-classification based on active-site
structures and chemistries, rather than more typical global
sequence comparisons that underlie evolutionary analyses.
This information is key for designing small molecules that
selectively inhibit a single family member while reducing
cross-reactivity to other proteins in the same functional
family. Importantly, this approach allows the enumeration
and classification of an entire functionally related group of
proteins. For example, differential expression experiments
can identify a protein that might be involved in a disease
state [16–18], but without a sense of the nearby active-site
landscape, it is difficult to judge how ‘druggable’ that putative
target might be.

These methods identify the set of amino acids at a given
functional site, but the approach does not provide detailed
structural geometry, and there will be occasions when
more detailed structural information is desired. If done 
efficiently and quickly, this can provide key information
for small molecule or library design. We have chosen to use
computationally derived models to accelerate experimental

structure determination. Other groups have also recognized
the advantages of using sparse [56] or reduced datasets
[57–60] to accelerate NMR structure determination. We
have designed an integrated procedure that uses computa-
tional models (generated by comparative modeling [48] or
ab initio methods [46]) as the starting point for structure
calculations.

Benefits of the function-first approach to drug
discovery
Function-first complements cell based information
The advantages of a function-first approach to structural
proteomics complement the information from cellular
functional proteomics methods. The parallel identification
of protein function, at the cellular and molecular level, al-
lows efficient decision-making for target validation and
lead discovery. In particular, identification of biochemical
function or molecular structure on a large-scale, without
huge investments in time and resources, provides crucial
information for the interpretation of microarray data and
cellular level functional assays.

Rapid experimental analysis of structure
Using an integrated approach that rarely requires atomic
level structure determination means that resource usage
can be optimized. Other protein structures in the same
functional family can be modeled computationally and/or
refined using NMR data. This provides an approach that
brings speed and efficiency to structure and function
analysis. A key advantage of this approach is that protein
structure models created using state-of-the-art folding 
algorithms can be screened automatically. Only models
recognized by an FFF or that score well by modeling 
algorithms are considered further. Automation has allowed 
scientists at GeneFormatics to compute models for >25,000
human protein sequences in a matter of weeks, and make
thousands of structure–function assignments. It is the
combination of active-site structure and functional infor-
mation that provides a more thorough and reliable assign-
ment than sequence-based methods [53,61].

Identification of alternative drug-binding sites in known
protein targets
In the human proteome, many protein sequences are 
expected to carry out multiple functions at the molecular
level. A key advantage of using FFFs for functional site
identification is the ability to analyze biochemical func-
tional complexity. For example, one protein identified as 
a phosphatase by the available public annotation might
actually present a catalytic site, a metal binding site, and 
a regulatory site, as illustrated for one protein in Fig. 1. The
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single word ‘phosphatase’ does not adequately express this
functional complexity that is so easily represented by the
FFFs. Many of these alternative sites are potentially drug-
gable sites, providing the opportunity to more specifically
modulate the biological activity of a particular member of
a functional family. Visibility into the multifunctional na-
ture of a particular protein target at an early stage provides
valuable information that can lead to more effective small-
molecule intervention strategies.

Key structural and chemical information about the
functional site
Knowledge of the chemistry and structure of the func-
tional site is essential for exploiting the chemical experi-
ence gained over the past decades of structure-based drug
design. Recognition of both the similarities and differences
among a set of potential targets allows the possibility of
screening or designing small molecules that are specific for
individual members within each functional family – a
‘functional family’ approach to drug discovery.

Conclusion
Genomic information, mined effectively to gain crucial
knowledge, can lead to compounds that are developed in
parallel and that are more specific for their intended pro-
tein targets. By identifying and characterizing protein
structure, function and active-site information early in the
discovery process, pharmaceutical researchers can study
multiple targets using integrated biological, structural and
chemical methods simultaneously to more rapidly, and
cost effectively, discover specific compounds that should
lead to the first generation of drugs in the post-genomic era.
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