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▼ Small molecule discovery for the develop-
ment of new medicines is still the lifeblood 
of the pharmaceutical industry despite the 
introduction of effective protein therapeutics.
By contrast, drug target validation at the dis-
covery stage has often been undertaken with
highly selective agents, such as antibodies, 
recombinant receptors and antisense polynucleo-
tides, and genetic approaches, such as muta-
genesis. Despite successes in this area, there are
several limitations to these approaches, in part
a result of the large size of the molecules used
to perturb cellular systems in vitro or in vivo.

Chemical genomics
Target validation would benefit from a chemi-
cal biology approach through the use of small
molecules (e.g. with the same degree of selec-
tivity as antibodies) but having good cell per-
meability properties, for example. The scale
of the problem is apparent when considering
the number of drug targets within human
and microbial genomes that are emerging
from the sequencing projects, thus ‘chemical
biology’ has become ‘chemical genomics’ to
reflect the need for chemistry on a genomic
scale. The ultimate aim of chemical genomics
is to provide a small molecule for every pro-
tein encoded by the genome for use as probes
of cellular function and possible drug leads

[1,2]. A distinction should be made between
probes that are just being used to explore tar-
get function, and those that are destined to
become drug candidates. In the first case, there
is a much less stringent requirement for good
pharmacokinetic properties, and therefore
more scope is available for creating molecules
with a wide diversity of chemical groups.

This review will cover the main strategies
for small-molecule discovery with an empha-
sis on their use as chemical probes for target
validation, rather than as drug candidates.
From a historical overview of the 20th Century
chemical industry, we shall describe the
screening methods used to isolate novel com-
pounds and follow with a description of the
emergent in silico design technologies that
will dominate the field in the future.

Historical
Chemical genomics is essentially chemical bi-
ology brought up to date in the era of genome
analysis. The field is as old as the period in
which small molecules have been purified
and used as medicines in a systematic way.
Studies at the beginning of the 20th Century
led to the notion that drugs bind to specific
body constituents, leading to the concept of
the ‘receptor’ as described by Paul Ehrlich [3].
Coincident with this was the growth of 
the chemical industry and the availability of
many organic compounds derived from coal
tar [4]. Some of these were found to be active
in biological systems through observation 
of their selective interaction with cells and 
tissues (e.g. methylene blue and nerve cells)
and helped to develop the receptor theory 
of small-molecule action. The foundations 
of the modern pharmaceutical industry are
based on coal tar-derived compounds, as well
as natural products from plants and micro-
organisms, the latter are equally useful as
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probes for chemical genomic approaches and as medicines
but are often difficult or expensive to produce in quantity.

From the early 20th Century to present day, drugs have
been discovered in a serendipitous fashion through the
systematic screening of compound collections. The collec-
tions available to drug companies are often biased towards
those molecules that reflect the particular chemical and
biological problems tackled by the individual organization
and, therefore, are restricted in diversity [4]. Even with the
advent of combinatorial libraries with greater diversity, 
the ability to occupy the full chemical space of protein
binding sites is minuscule. Although there are effective
medicines in clinical use for a wide range of conditions,
the supply of high quality leads is slowing down and the
number of targets is rising [5]. This situation is problemati-
cal for drug discovery, for obvious reasons; however, this is
not the case with small molecule probes because these can 
be used to explore biological processes in cells and whole
organisms without the need for an impeccable pharmaco-
kinetic or safety profile. Indeed, the number of compounds
with interesting biological activities that reside within the
pages of suppliers’ catalogues is impressive, even though
many of these would never become drugs. These molecules
must therefore be seen as probes of biological function,
providing information on protein targets (assuming some
degree of selectivity), or validating a chemical class as a
possible drug of the future.

Screening for biologically active small molecules
The traditional pharmacology based approach to small-
molecule discovery was mainly superseded in the 1990s by
HTS campaigns, in which chance ligand–protein interac-
tions would be picked up by changes in the behaviour of
the pure protein in vitro, or in a whole cell or tissue envi-
ronment [6]. The details of such screens and the relative
merits of using a physiological readout, compared with a
simple binding response, have been discussed and debated
over the years, often with strongly held views in different
‘camps’. The biologist, for example, might prefer the cellu-
lar screen that measures the response of the protein in its
‘natural’ environment. By contrast, the chemist might pre-
fer a simple in vitro assay using purified protein in which it
is possible to generate clean SAR data from closely related
compounds in a way that might not be possible using the
first approach. In reality, both methods have yielded useful
results, as highlighted in the subsequent sections.

Phenotypic screens – forward chemical genomics
The analogy between forward genetics and forward chemi-
cal genetics has been reviewed by Stockwell [1]. In the 
former, a mutation in a particular target gene might lead

to a measurable phenotype; in the latter, a compound
screened in whole-cell assays might do the same thing.
Chemical genomics is essentially a variant of chemical 
genetics, in which genomics technologies are used to 
identify the altered protein target. The advantages of such
an approach are clear, because compounds that are overtly
toxic or impermeant to cells are easily rejected.

One of the best examples of such a screen is the discov-
ery of the immunosuppressant molecule FK506 in a search
for inhibitors of interleukin-2 production by whole T-
lymphocytes, published in 1987 [7]. This molecule has
similar properties to cyclosporin A, a drug that is used clin-
ically for the prevention of organ transplant rejection.
Despite this, the mechanism-of-action of FK506 (inhibition
of the protein phosphatase calcineurin) was not known in
detail until 1991 and required a considerable amount of
sophisticated biochemistry [8]. Other examples of func-
tional screens yielding useful probes and/or drug candi-
dates abound in the literature (reviewed in [1,2]), despite
the problems outlined previously. As technologies improve
and the basic ‘parts list’ of cells become more comprehen-
sive, the time taken to identify protein targets in forward
chemogenomic screens will decrease. Two areas of technol-
ogy come to mind (Fig. 1) and are listed as follows:
• Global gene expression profiling: Modulation of a 

target by compounds could effect the transcription of a
subset of genes that could give clues to the nature of
the target. Several publications testify to the feasibility
of this approach, which has many interesting possibili-
ties in the field of lead optimization and toxicology, as
well as basic biology [9,10].

• Genetic screens: The genetic approach relies upon the
sensitivity of mutant strains to the compound in ques-
tion, in model organisms such as yeast. This enables the
construction of a detailed map of functional responses.
The availability of deletion mutants that will eventu-
ally cover the entire genome of Saccharomyces cerevisiae
provides an unprecedented opportunity to understand
global compound effects as illustrated by the study of
Chan et al., who examined the targets of rapamycin
[11]. This can also be applied to multi-cellular organisms,
such as the zebrafish Danio rerio [12].

In conclusion, it is not hard to see that technological 
improvements will make target identification in forward
chemical genomic (phenotypic) screens more efficient.
Once the target is identified and purified, further small-
molecule development can be undertaken.

Target-based screens – reverse chemical genomics
In contrast to phenotypic screens, purified natural or 
recombinant proteins are used in isolation to screen for
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small-molecule inhibitors of receptor
binding or intrinsic enzymatic activity.
The biological activity of active mol-
ecules in whole cells is then assessed,
where it is hoped that they are able to
penetrate the cell membrane, remain
stable and not cause sufficient toxicity
to make them unusable as drugs. The
list of compounds that fulfil these cri-
teria is extensive, and many of those
have become useful chemical probes.
Interestingly, a large number have
been screened against components of
cellular signalling pathways but have
not been progressed into drugs. This
could be for several reasons, including
the lack of total selectivity against the
target kinase, a situation that might 
be ameliorated using in silico design
approaches (see later). Representative
examples of inhibitors that were iden-
tified for three different protein kinases of pharmaceutical
interest (p38, MEK1, PI3 kinase) are shown in Fig. 2. Each
has been used for extensive biological experiments in 
several systems, both in vitro and in vivo, and has proven
valuable in assigning each target to key cell-signalling
pathways [13–15].

In silico design of small-molecule probes and drug
leads
Both chemogenomic screening approaches described in
the previous sections are dependent on highly diverse
small-molecule structures. Despite the introduction of
chemical technologies that are designed to maximize such
diversity [16], this is still insignificant compared with what
is possible for molecules with a molecular weight <700 (of
the order of 10180 [17]). A solution to this problem is to use
in silico design before the synthesis of highly focussed 
libraries containing structures with a high probability of
interacting with ligand-binding sites on the target protein.
In addition, it is possible to eliminate potentially toxic
compound designs before any synthesis and testing is 
undertaken.

The in silico design technology is sufficiently advanced
to deal with both proteins with solved three-dimensional
(3D) structures (structure-based design) and those only
with information from existing ligands (ligand-based de-
sign). To create molecules that compare in selectivity with
antibodies, for example, considerable attention has to be
paid to design within gene families. In this way, it will be
possible to obtain probes with varying degrees of selectivity,

ranging from those affecting a wide range of related pro-
teins to those that are highly specific. This combination of
genomics, protein informatics and chemoinformatics is a
primary manifestation of the chemogenomics approach to
drug discovery and probe design.

713

DDT Vol. 7, No. 13 July 2002 reviewsresearch focus

www.drugdiscoverytoday.com

Figure 1. Forward chemical genomic screens. Technologies that assist in target
identification for the whole-cell screening of compounds. (a) Changes in gene expression
in response to drug treatment are measured using microarrays and displayed as red 
(up-regulation) or green (down-regulation). Further statistical analysis is used to display
correlations between different groups of expressed genes as dendrograms (vertical axis).
By using careful experimental designs, it is possible to gain useful information about the
nature of the drug target from expression patterns alone [9,10]. (b) Schematic diagram
of yeast chromosomes with deletions; the effects of compounds on individual mutants
with known deletions could give indications about the nature and number of targets
affected [11]. 
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Figure 2. Examples of small-molecule kinase inhibitors used to
probe cellular signalling pathways. Members of the protein
kinase family are crucial elements in cellular signalling pathways,
and are therefore of interest as drug targets for cancer,
inflammation, etc. Many kinase inhibitors have been discovered
from natural products or through medicinal chemistry
programmes, and have been tested for selectivity against other
kinases. The three examples shown inhibit key signalling
pathways, and have been used extensively as probes for
biological function. (a) Wortmannin (PI3 kinase); 
(b) PD184352 (MEK1); (c) SB203580 (p38 kinase).
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Structure-based ligand design technologies
Site exploration
The growing field of structural genomics using X-ray crys-
tallography, NMR and homology modelling has been 
discussed extensively [18,19] and is providing the raw 
material for future structure-based design initiatives. The
coordinates from a 3D protein structure are used to iden-
tify the key amino acid residues that comprise the ligand-
binding site. Bioinformatic methods, such as PROSITE 
[20], have been used to identify such sites by correlating 
primary sequence with 3D template motifs, but these lack
the precision necessary for structure-based design. This
precision is also lacking with sequence analysis, which 
can not reveal 3D structural information within complex
site structures where significant folding creates the site 
architecture [21].

The nature of the site will determine the interaction en-
ergy between the protein and its ligand that has to be suffi-
ciently strong for the complex to form, and to exist for a
significant time. Maximizing the contact area between the
ligand and the site on the protein surface increases the Van
der Waals interactions, which is why the site should be a
cavity or cleft, as opposed to flat or featureless. (This is the
main reason why small-molecule inhibitors of protein–
protein interactions are comparatively rare, despite their
enormous pharmaceutical potential.)

Algorithms that search for surface cavities can be used to
identify putative binding sites, using the molecular rules
governing protein–ligand interactions derived from ex-
perimentally derived datasets of representative liganded
structures (e.g. ReLiBase [22]).

Site analysis
Once the protein site has been explored, and suitable cav-
ities found, the next stage is to create local site maps 
to identify important molecular determinants of ligand 
binding, such as hydrogen bonding and hydrophobic site
points [23].

Hydrogen-bonding site points can be created on the 
surface of the site using a variety of algorithms [24] in an
automated manner. Hydrophobic site points are less precise
because these interactions are determined by summation
of several component small interactions; hydrophobic site
points are therefore regions rather than sharply defined
points of interaction.

A typical site can contain 30 site points, although small
drug-like molecules usually contain only a small number
of corresponding ligand points. This fact has important
consequences for drug design because it creates a combina-
torial choice of points to which new ligands could bind,
thereby increasing the number of possible strategies many

times. Using five site points as an example, there are
140,000 possible subsets of sites available for design [25].
Furthermore, the small molecule might have too many 
opportunities for favourable binding; a single ligand can
exhibit promiscuous binding modes because of similarities
in the disposition of some subsets within the site. The
identification of the subsets of site points where the choice
is minimized is therefore crucial for drug design.

Design strategy
Selecting the site points that provide the greatest opportu-
nity for creating active molecules is a key determinant of
the design strategy. It is also important for design within
similar sites of a related family of proteins where the objec-
tive is to obtain selectivity. Here, the selection of site points
should be such that the set chosen for the target protein
should be as different as possible from the other family
members.

Strategies are determined in several ways, for example,
in using existing ligand information from structural studies
of protein–ligand co-crystals. Other approaches, such as 
interactions with key catalytic residues, would also be 
expected to work well. If there are overlaps in hydrogen-
bonding probability, these can be identified and used as
preferred site points from which to build molecules de novo.

De novo design
Once a design strategy has been established using a subset
of hydrogen-bonding site points, or other features, the
challenge is to build virtual molecules inside the binding
cavity that are diverse, yet chemically tractable. Two main
approaches have been used: first, fragments are placed in
the site and those with favourable interactions connect di-
rectly, or via bridging fragments [26–28]; second, the struc-
ture is kept connected from beginning to end [29,30]. 
De novo design is a combinatorial process that is directly
related to the product of the number of fragments that can
be combined within various constraints. The chemical 
nature of the output is controlled by rules that govern the
addition, removal or exchange of a fragment on the evolving
skeleton. After each modification, the assembled structure
is fitted in the site by altering its position and conformation;
a scoring function is then used to monitor the predicted
free energy of the interaction between ligand and site. 
To achieve structural diversity, it is necessary to employ
optimization strategies, such as genetic algorithms [31] or
simulated annealing [32].

Once the output has been examined, promising chemo-
types are used to create virtual combinatorial chemical 
libraries to fully explore the ligand-binding site. This is im-
portant for gene family analysis because it offers a way of
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designing molecules that are capable of
distinguishing between mutational dif-
ferences in a particular site.

Chemogenomic analysis of human
aspartyl proteases
An example of a chemogenomics 
approach to probe and drug design 
is the human aspartyl proteases. The 
protease (peptidase) family of hydro-
lases is of considerable biological and
medical importance, and therefore of
interest to academia and the pharma-
ceutical industry alike [33]. The total
complement of human proteases is 
of the order 500–800, thus providing a
major challenge in the selection of 
relevant targets. It will be important 
to assess the degree of redundancy be-
tween closely related members of pro-
tease subfamilies, and this will require
the use of specific chemical probes in a
similar manner to the kinase inhibitors
described previously. To achieve this,
individual proteins can be grouped
into families according to the primary
amino acid sequence homology across
the catalytic site. Figure 3 shows an
amino acid sequence alignment of the
human A1 aspartyl protease family.
The 3D structures of several of these
proteins have been solved by X-ray
crystallography and have a sequence
identity to those without solved struc-
tures of >40%; this enables the creation
of homology models across the A1
family that are good templates for 
ligand design [34]. Specific chemical
probes would be useful for exploring
the role of proteases such as napsin or memapsin 1 in
human physiology. Proteins such as pepsin however, are of
little interest in this regard, whereas memapsin 2 (β-secretase)
and renin have major pharmaceutical relevance [35,36].

A site analysis of renin is shown in Fig. 4, and illustrates
the disposition of hydrogen bonding and hydrophobic site
points obtained after analysis of the crystal structure.
De novo design of small-molecule scaffolds was undertaken
by a stochastic assembly process from randomly selected
fragments (derived from the World Drug Index) using 
the Skelgen™ (De Novo Pharmaceuticals, Cambridge, UK) 
algorithm. The latter uses simulated annealing [32] as an

optimization method, and gives rise to a variety of molecular
structures, thereby increasing the choice of chemistries
available for exemplification (Fig. 5).

Ligand-based design
Structure-based design, by definition, requires a protein
structure from which to identify site points. If none is
available, as is the case for many receptors of interest, it is
possible to employ ligand-based design, provided that suit-
able ligands are available that demonstrate SARs. Although
these ligands would in themselves represent chemical
probes of the target, they might have properties that make
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Figure 3. Amino acid alignments of the human A1 aspartyl protease family. Protein
sequences of the human aspartyl protease family (A1 in MEROPS classification [33]) 
were aligned using ClustalW and displayed using JalView (Michelle Clamp:
http://circinus.ebi.ac.uk:6543/jalview). The SWISSPROT identifier is shown against the
name of each protease.
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Figure 4. Site analysis of renin aspartyl protease. The three-dimensional structure of renin
is shown in a wireframe model with a synthetic inhibitor bound into the active site. 
(a) Hydrogen-binding site points surrounding inhibitor in the active site. Yellow spheres,
acceptors; magenta, donors; white, amphiprotic. (b) Hydrophobic site points. De novo
design is performed to subsets of these site points to create virtual chemical scaffolds for
further elaboration.
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them unsuitable for further biological assays in whole cells
or in vivo. Ligand-based design can provide potent mol-
ecules with alternative chemistries that might be more
suitable for probing biological function, and indeed appro-
priate for further development into drugs. These new com-
pounds could also explore the binding sites of closely related
proteins (e.g. receptor subclasses), which have yet to be for-
mally identified by pharmacology or molecular biology.
Ligand-based design can be applied to any projects where
ligands are available, ranging from G-protein coupled 
receptors to enzymes and other receptor types.

The objective of ligand-based design is to provide a
minimal map of the site points within the putative recep-
tor site. Small-molecule design can then be conducted in a
way that is analogous to site-directed design. The aim is to
infer the geometrical distribution of site points within the
protein cavity from the corresponding disposition of li-
gand points, in effect creating a ‘virtual’ cavity. The ligand
points are then determined from a minimum number of
compounds with known activity at the site. The next step
in this process is to optimize the molecular similarity of
these ligand points using a method that identifies and
maximizes partial similarity within a pair of structures. 
Key features, such as hydrogen-bonding ligand points, hy-
drophobic regions, areas of electrostatic potential and geo-
metric shape, are prioritized in this search for molecular
similarity. At the end of the comparisons, the molecules in
the set have to be superposed in an optimal way without
preconception and used to assess partial molecular similar-
ity by computing the distance matrix for all the points in
each molecule. Subsequently, a difference distance matrix

is computed by subtraction of the two distance matrices.
The partial match is identified from the optimal difference
distance matrix using null correspondences. Molecular 
surfaces are then matched and ranked for different confor-
mations of each molecule. Finally, optimal matches are
identified for each molecular pair and the molecular super-
surface computed from the partially similar molecular sur-
faces. This supersurface is then used as the constraining
template for novel ligand design.

Ligand-based design to histamine H3 receptor
The method has been used successfully to construct a model
for the G-protein-coupled histamine H3 receptor and to
design high affinity antagonists [37]. The SLATE™ algo-
rithm (De Novo Pharmaceuticals) [38] was used to opti-
mize the match between the projected site maps of 12 fully
flexible H3 antagonists. The resulting superposition of the
12 ligands is shown in Fig. 6. Novel inhibitory molecules
with nanomolar to picomolar affinity have been designed
and synthesized, based on the molecular supersurface 
created by this superposed ligand set.
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Figure 5. Examples of scaffold shapes produced by Skelgen™
(De Novo Pharmaceuticals, Cambridge, UK) after de novo
design within the renin site. De novo designs are created from
pre-selected fragments according to a series of chemical rules
that optimize the output of tractable molecules.
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Figure 6. Ligand-based design against the histamine H3
receptor. An overlay of selected ligands for H3 is shown with the
site points (small spheres) identified using the SLATE™
algorithm (De Novo Pharmaceuticals, Cambridge, UK) [38].
These points are subsequently exploited in de novo design.



Conclusion
Chemical genomics is emerging as the synthesis of 
genomics and organic chemistry into a more integrated
way of enabling drug discovery. To exploit the vast amount
of genomic sequence data that are now available, it is
necessary to subdivide and classify the putative targets 
for small-molecule drugs into families of proteins. This is
generally straightforward with targets such as proteolytic
enzymes, for example, where key amino acids involved in
catalysis are well known, and can be aligned using standard
bioinformatics tools. What is more problematical are the
large numbers of proteins without known function, and
which defy classification (these comprise a significant pro-
portion of the human genome at present; see [39,40]). In
both situations, there will be a need to use probes of biologi-
cal function. This review has discussed the creation and 
use of small-molecule probes in silico to achieve this end, but
requires several different supporting conditions; these are
the provision of protein structures through structural 
genomics initiatives, or the availability of ligands for ligand-
based design, plus increased computing power and sophisti-
cated algorithms. The rate-limiting step is likely to be in 
protein structure determination, despite the availability of
more than 17,000 structures in the Protein Data Bank
(http://www.pdb.org/). The relatively straightforward struc-
tures are being solved quite rapidly but there will inevitably
be a bias towards those proteins with likely pharmaceutical
relevance [41]. Structures for those proteins where no func-
tion has been assigned will be longer in coming, but will be
necessary if the full potential of chemical genomics is to be
realized. It is also these proteins for which ligands are less
likely to be found, thus hampering ligand-based design. The
obvious solution to this is to create more structures and find
more ligands; this is less likely to happen in comparison
with pharmaceutically relevant targets, but ways forward
can be envisaged. Prediction of tertiary structure from pri-
mary sequence is unlikely to be achieved in the foreseeable
future, but accurate homology models to known structures
could be obtained if the sequence identity is >40%.
Ongoing research into the full repertoire of 3D folds in
proteins will assist in such modelling with sequences of
lower identity, and will increase the structural coverage of
different gene families [42].

Finally, increases in the power of computers, such as that
obtained through the use of modern computer farms, and
the exploration of new algorithms for in silico design, will
provide the chemical genomic tools needed to understand
human biology in health and disease.
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