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Abstract

The knowledge of complete sequences of different
organisms is dramatically changing the landscape of
biological research and pharmaceutical development.
We are experiencing a transition from a trial-and-error
approach in traditional biological research and natural
product drug discovery to a systematic operation in
genomics and target-specific drug design and
selection. Small, cell-permeable and target-specific
chemical ligands are particularly useful in systematic
genomic approaches to study biological questions. On
the other hand, genomic sequence information,
comparative and structural genomics, when combined
with the cutting edge technologies in synthetic
chemistry and ligand screening/identification, provide
a powerful way to produce target-specific and/or
function-specific chemical ligands and drugs.
Chemical genomics or chemogenomics is a new term
that describes the development of target-specific
chemical ligands and the use of such chemical ligands
to globally study gene and protein functions. We
anticipate that chemical genomics plays a critical role
in the genomic age of biological research and drug
discovery.

Introduction

The turn of this century marks significant progress in
biology. We have advanced from knowing very little about
our genetic makeup to now having complete knowledge of
our genome. We are able to simultaneously analyze a
network of proteins or genes. High throughput technologies
have become essential to process enormous genomic
information. In this regard, chemcal ligand-based
approaches are especially powerful toward global
understanding of gene and protein functions. Presently,
the process of discovering target-specific chemical ligands
using synthetic chemistry has become a practical means,
which largely attributes to technological advances in target-
specific and diversity-based organic synthesis (Schreiber
2000), structure-based chemical ligand (or drug) design/

synthesis (Russell and Eggleston 2000) and new screening
technologies such as small chemical compound (MacBeath
et al. 1999) and protein microarrays (MacBeath and
Schreiber 2000; Zhu et al. 2000; Haab et al. 2001). In this
article, we will provide a detailed analysis of the current
state of chemical genomics and its potential impact on
biological and medical research, and pharmaceutical
development.

Chemical Biology or Genetics

Since the seminal study of pea genetics by Mendal in 1865,
genetic analysis has been the benchmark for understanding
gene or protein functions. In classical genetics or forward
genetics, the genomic DNA of a model organism or cell is
randomly mutagenized to generate large numbers of
mutants, which are screened for a desirable phenotype or
trait, such as alteration in growth, appearance or behavior.
The phenotypes are then used to identify the responsible
genes. A second type of genetic approach called reverse
genetics, specifically mutates a known gene and studies
the resultant phenotypes to understand the role(s) of the
gene in the cell or organism. One major obstacle of
traditional genetics is that mutations are usually constitutive.
Mutations in essential proteins often lead to lethality at early
life stage and make it impossible for subsequent study.
Even if mutations do not cause lethality, the mutant
organisms are often able to compensate for the loss of the
gene, which obscures the effect of the original mutations.
Modified genetic approaches have been developed to
generate ‘conditional alleles’, in which the mutant gene
only loses its function under restrictive conditions such as
higher temperatures for the temperature-sensitive alleles
(ts) or the presence of the Cre recombinase for the Cre/
loxP system (Lewin 1997). However, these approaches
require complex genetic manipulation, which is often
tedious and time-consuming. Moreover, they are based
on blockage of steps leading to translation, which make
them ineffective toward studying proteins with long half-
lives.

Over the past two decades, small chemical compounds
have greatly enhanced our ability to delineate complex
biological pathways and processes. They can rapidly
penetrate into the cells, bind to their target proteins and
create loss-of-function (or gain-of-function) phenotypes. In
recent years, drug discovery has shifted from
predominantly screening for natural products to target-
oriented synthesis/screening of chemical ligands, which
in large part is due to the realization that targeting the
disease-causing genes/proteins and biological pathways
is fundamentally important for successful development of
highly effective drugs. This has promoted a close interaction
between molecular biologists and synthetic chemists. As
a result, an interphase between chemistry and biology
called chemical biology or chemical genetics has come of
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age (Schreiber 1998). More comprehensive analysis of
chemical genetics can be found in several recent reviews
(Crews and Splittgerber 1999; Stockwell 2000; Alaimo et
al. 2001). In a typical chemical genetics approach, a cell
permeable, target-specific chemical ligand is added to the
cells of interest, which binds to and causes loss-of-function
or gain-of-function of its protein target. Chemical ligands
may bind to the enzyme’s catalytic site by mimicking natural
substrates of the enzyme, as exemplified by the drug
lovastatin/mevinolin. Lovastatin interacts with the catalytic
site of hydroxymethylglutaryl (HMG)-CoA reductase and
inhibits its enzymatic activity (Alberts et al. 1980). The ligand
can also interact with a key regulatory domain as in the
case of phorbol ester, which resembles diacylglycerol, a
natural protein kinase C (PKC) activating lipid molecule
(Newton 1997). Chemical ligands can be easily
administrated at any time during the cell cycle or
developmental stages, and any desired location of the cell
or organism. Therefore, chemical ligands pose unparalleled
temporal and spatial control over their protein targets.

Forward and Reverse Chemical Genetics

The so-called forward chemical genetics describes how
natural products (a compound of natural origin) or a pool
of synthetic compounds is screened for desired
phenotypes, such as inhibition of tumor growth in vitro.
Once a biologically active compound is identified, effort is
shifted toward identification of the drug target(s). Classical
examples include the proteasome inhibitor lactacystin and
the immunosuppressant rapamycin (Schreiber 1991). Both
drugs are microbial natural products that inhibit cell
proliferation and interfere with normal cellular functions
(Martel et al. 1977; Omura et al. 1991). Lactacystin
specifically binds to and inhibits the 20S proteasome
(Fenteany et al. 1995). Rapamycin, when associated with
the immunophilin FKBP-12, binds to and inhibits the target
of rapamycin protein (TOR) (also called FKBP12-
rapamycin-associated protein or FRAP) (Cafferkey et al.
1993; Kunz et al. 1993; Brown et al. 1994; Sabatini et al.
1994; Sabers et al. 1995). Knowledge of the target proteins
has advanced chemical genetics to a stage that parallels
the classical reverse genetics, i.e., the use of the compound
to study the biological functions of the drug target protein.
For example, as a result of the use of lactacystin, the
proteasome is found to be important for diverse biological
pathways and processes, including antigen presentation,
cell cycle control and cell fate determination (Fenteany and
Schreiber 1998). Similarly, studies using rapamycin found
that TOR regulates a number of proteins such as ribosomal
S6 kinase 1 (S6K1) (Chung et al. 1992; Kuo et al. 1992)
and the transcription factor Gln3 (Beck and Hall 1999;
Cardenas et al. 1999; Hardwick et al. 1999; Bertram et al.
2000). Target-specific chemical ligands have gained great
popularity in biological research in recent years. For
instance, there are nearly 2,000 papers citing the use of
the MAP kinase kinase (MKK) inhibitor PD98059 and over
1,500 papers reporting the use of the phosphoinositide 3-
kinase (PI-3K) inhibitor wortmannin (Hunter 2000).

Protein Engineering in Chemical Genetics

Although there is significant advancement in chemical
ligand synthesis and screening, there are still a relatively
small number of target-specific chemical ligands available.
An alternative approach has been developed to use a
combination of protein and chemical engineering to
modulate the functions of proteins and genes (Bishop et
al. 2000). An early example of this is the use of a synthetic
chemical dimerizer, called FK1012 that is derived from
FK506 with two FKBP12-binding moieties. FK1012 has
been used to induce the interaction between the protein of
interest that is fused to FKBP12, thereby altering the activity
of the protein (Spencer et al. 1993). Variations of this
approach with a single compound such as rapamycin that
has two distinct protein-binding surfaces can provide higher
specificity and more flexibility for such approaches (Amara
et al. 1997). Another approach takes advantage of an
already existing small molecule ligand or substrate of an
enzyme. By a so-called “bump-and-hole” approach, one
can add an extra space-filling group onto the ligand (bump)
and then create a cavity (hole) in the ligand-binding site of
the enzyme. Only the engineered enzyme, but not the
native enzyme modified ligand can recognize the modified
ligand. Belshaw et al. first described this approach in the
study of cyclophilin and its ligand cyclosporin A (Belshaw
et al. 1996). Shotkat and colleagues subsequently used a
similar approach to study protein kinases. Protein kinases
are highly conserved in their catalytic domains, making it
difficult to develop highly specific inhibitors to each
individual kinase. Shokat and colleagues mutated the ATP
binding site of v-Src such that the engineered v-Src uniquely
accepted N6-(cyclopentyl) ATP, an ATP analog to catalyze
normal protein phosphorylation (Shah et al. 1997). In
contrast, N6-(cyclopentyl) ATP is not accepted by the
unmodified v-Src or other protein kinases. Using a variation
of the above strategy, the same group also created allele-
specific inhibitors of engineered protein kinases (Bishop
et al. 1998). These inhibitors specifically inhibit the modified
protein kinases, but not the wild type, endogenous kinases.
These chemical ligands can be used to effectively turn on
and off engineered proteins.

Development of Target-Specific Chemical Ligands

Target-specific chemical ligands are pivotal for studying
biological questions and drug development. Natural
products have been traditionally the source for novel ligand
screening and discovery, primarily because of their
unparalleled range in mode of action and chemical diversity
(for a recent review on natural products in anticancer
therapy, see da Rocha et al. 2001). In recent years,
alternative strategies have become more practical, which
is largely due to significant technological advances in
organic synthesis, computational power and the increased
information on protein sequences and structures. It is now
possible to streamline chemical ligand design, synthesis
and selection leading to successful drug development
(illustrated in Figure 1).
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Combinatorial and De Novo Approaches in Chemical
Ligand Synthesis

Combinatorial organic synthesis has increasingly been
used to generate small molecule libraries for ligand
screening and drug discovery. It stems from the original
solid-phase oligonucleotide and peptide synthesis, which
provides a way to synthesize and purify peptides with
defined sequences (Frank et al. 1983; Geysen et al. 1984).
Such a technique also allows synthesis of oligonucleotides
or peptides of all possible permutations of nucleotides or
amino acid residues. This concept has been extended to
other small molecules as well. Polycyclic compounds and
natural product derivatives that mimic biologically active
molecules (biomimetics) are among the most common
types of structures that have been made in this fashion
(Schreiber 2000; Gray 2001). This is because small
molecule libraries based on a known lead compound (also
known as focused libraries) often provide a better chance
in finding new biologically active molecules.

Another concept in chemical ligand synthesis that has
emerged in recent years is to change the chirality of the
compounds. Biological molecules often contain chiral or

asymmetric carbon atoms, at which the carbon atom is
bonded to four different moieties. Such molecules exist in
two forms, known as enantiomers. These molecules have
opposite effect in rotating plane-polarized light, and their
three-dimensional structures are different and therefore
possess different biological properties. The best example
is the twenty naturally occurring amino acids. Living
organisms such as yeast can only metabolize L-amino
acids, which rotate plane-polarized light to the left, but not
D-amino acids, which rotate plane-polarized light to the
right. Examples of chirality and its application in chemical
ligand synthesis and design are reviewed in detail
elsewhere (Hutt and O’Grady 1996; Vuylsteke 2000).

Lead compounds (de novo design) are pivotal to
develop a meaningful chemical library that can eventually
yield biologically active compounds. To develop successful
lead compounds against diverse protein targets, a designer
approach is needed. This is when the in silico approach
comes into play, owning to significant advances in
computational power and the development of artificial
intelligence (AI). Databases that detail known molecular
structures with their corresponding functions form the basis
for the so-called Quantitative Structure-Activity Relationship

Figure 1. A typical streamline of design, synthesis and selection of chemical ligands
Three-dimensional (3D) structural information of the interested protein can lead to identification of important target sites for chemical ligands, which are used
to design the lead compound(s). A library of derivatives of the lead compounds is then synthesized by combinatorial chemistry and screened by in vitro and
in vivo methods such as affinity for the interested protein and a biological activity associated with the protein.
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(QSAR) approach. QSAR and its variants provide the
statistical framework for analysis of virtual libraries of small
molecules (Klebe 2000). Computer programs and
algorithms have been developed to guide every major step
in de novo design. Programs such as GASP (Génération
Automatique de Structures Polycycliques) (Barone et al.
2001), which generates a virtual library of a large number
of polycyclic structures with the given parameters, can help
expand the diversity and complexity of potential chemical
ligands. Another area worthy of attention is the use of
Darwinian molecular evolution in ligand design. It dates
back to 1990 when Tuerk and Gold looked for RNA ligands
that bind to bacteriophage T4 DNA polymerase by using
Systematic Evolution of Ligand by Exponential Enrichment
(SELEX) (Tuerk and Gold 1990). This concept has inspired
the development of genetic algorithms (GA) and simulated
molecular evolution in chemical ligand design. On the basis
of existing biological screening results, GAs are used to
simulate the docking of chemical ligands to the binding
sites of their target proteins, and to optimize and select
compounds with desired properties without the need to
actually synthesize and test all possible conformations
(Singh et al. 1996; Illgen et al. 2000).

The Impact of Comparative Genomics and Structural
Genomics in Chemical Ligand Design

Comparison of whole genome sequences of different
organisms is a powerful tool for identifying essential
components of cellular processes, understanding the
genome architecture as well as reconstructing the
evolutionary events. Tatusov et al. reported the comparison
of seven complete genomes in five major phylogenetic
lineages (Tatusov et al. 1997), and this has now expanded
to 44 complete genomes in 30 major phylogenetic lineages
(http://www.ncbi.nlm.nih.gov/COG). The clusters of
orthologous groups (COGs) allow information flow from
well-studied model organisms to poorly characterized ones.
In recent years, comparative genomics in mammals has
improved the resolution of genetic maps in human and other
model organisms and identified many human disease
genes in other mammalian models (reviewed in O’Brien et
al. 1999). Comparative genomics in more evolutionarily
distant organisms allows the identification of the core
proteome, the set of proteins that is unique to individual
species, as well as components that are highly conserved
in a specific cellular or developmental process (Rubin et
al. 2000; Venter et al. 2001). Aravind et al. reported a
comparative analysis of the apoptotic molecular machinery
in human, Drosophila melanogaster and Caenorhabditis
elegans (Aravind et al. 2001). They noticed that relative to
the invertebrates in human there is a general increase in
the number of apoptosis-associated proteins and in the
complexity of protein domains involved. Knowing the
intrinsic difference in any cellular process between human
and other species will better help us to evaluate how
applicable the information we obtained from other model
organisms is to humans, and to choose the correct target
proteins for drug discovery.

Information obtained from comparative genomic
studies is having a significant impact on the field of

structural biology. It is clear that protein three-dimensional
structures can greatly facilitate the drug discovery process.
In many cases the availability of crystal structure data or
predicted structures not only help us to better understand
the catalytic activity of the protein, but also show us the
mechanism of how such a protein interacts with other
proteins as well as the allosteric actions or conformational
changes involved. The continuous improvement in
computation power and development of new bioinformatic
tools have laid the foundation for high-throughput X-ray
crystallography and nuclear magnetic resonance (NMR)
spectroscopy in protein structure determination (Stevens
2000; Stevens et al. 2001). This structural genomics
approach is aimed at systematically generating both
experimental protein structures and unique structural folds
(Burley 2000). In order to provide a structure for each family
of proteins using this high-throughput analysis, efforts have
been made to ensure proper protein target selection
(Brenner 2000). In particular, proteins that are inappropriate
for this approach or redundant are being excluded. Protein
sequences of unknown three-dimensional structure are
modeled by structure prediction and submitted before the
meeting. At the same time the three-dimensional structures
of these sequences are being determined by X-ray
crystallography and NMR spectroscopy. Results from these
two approaches are then compared to further refine the
methods. Such a process will ensure the quality of the
structures generated by structural genomics.

High Throughput Screening Technologies in Drug
Discovery

Chemical ligand discovery through natural-product
screening has spearheaded therapeutics development and
biological discovery for many years (Bull et al. 2000). As
discussed earlier, synthetic chemistry is now capable of
producing a large number of diversified chemical
compounds, which require high throughput screening
(HTS) technologies for selection of specific ligands. One
prominent example of HTS is the in vitro cell line-screening
project (IVCLSP) under the Developmental Therapeutics
Program (DTP) at the National Cancer Institute (NCI)(http:/
/dtp.nci.nih.gov/index.html), which uses 60 human cancer
cell lines (NCI60) for the drug discovery screen. About
5,000 out of 60,000 potential anticancer compounds
screened are found to have anti-cancer activity. After
eliminating closely related compounds and the ones with
known mechanisms of action, the remaining 1,200 are
selected for further testing. Another example of cell-based
HTS is the receptor selection and amplification technology
(R-SAT), which produces a signal (usually in terms of
changes in the levels of ß-galactosidase) whenever a test
compound interacts with an expressed receptor, such as
G-protein coupled receptors and nuclear receptors. In the
presence of receptor activity, cells overcome contact
inhibition and proliferate. The increase in cell number is
translated into an increase in the level of ß-galactosidase,
whose level can be quantitatively measured using a
spectrophotometer.

Stockwell et al. developed a miniaturized, whole-cell
immunodetection system, called a “cytoblot”, for high-
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throughput screening of biologically active molecules
(Stockwell et al. 1999). In this study, a library of small
molecules were screened based on their ability to inhibit
of cell growth, which was monitored by following the DNA
content using an anti-BrdU antibody. Similar experimental
design is suitable for screening for compounds that interfere
with other cellular events, such as phosphorylation of a
particular disease-causing protein. This approach has
allowed the recent discovery of an array of antimitotic
agents, including a novel inhibitor of mitotic spindle
bipolarity named monastrol (Mayer et al. 1999). Monastrol
specifically inhibits the mitotic kinesin Eg5. Since all the
existing microtubule drugs target tubulin, an inhibitor of
the microtubule motor protein will be useful for studying
microtubule structures and functions.

Many important cellular regulatory events are mediated
by protein-protein interaction. A classical example is the
pRB-E2F-DP tumor repressor complex (reviewed in
Harbour and Dean 2000). Mutations in the pRB binding
pocket can lead to defective protein-protein interaction and
tumorigenesis. Therefore, disrupting the binding of two
disease-causing proteins has become a focal point for drug
development. In this respect, the yeast two-hybrid system
can be of particular value. One strategy to screen for small
molecules that can prevent interaction between the target
protein and its binding partner is by using a reverse yeast
two-hybrid system, in which the reporter gene URA3 is
used (reviewed in Vidal and Endoh 1999). On the medium
containing 5-fluoro-orotic acid (5-FOA), disruption of
protein-protein interaction by a small molecule will block
expression of the URA3 gene, thereby allowing cell growth.
An attempt to screen for allosteric drugs that function by
affecting protein conformation has also been reported
recently (DeDecker 2000). Another example is the study
of the tumor repressor p53. Tumorigenic mutations in p53
have been linked to overall destabilization of the protein
conformation (Brachmann et al. 1998). Foster et al.
reported the screening of a library of more than 100,000
molecules and identified 2 molecules that can stabilize the
protein fold of p53 point mutants (Foster et al. 1999).

Like DNA, small chemical ligands can also be
immobilized on a glass surface for in vitro ligand screening
(MacBeath et al. 1999). Knockaert et al. reported the use
of such an approach in identifying intracellular targets of
chemical inhibitors of the cyclin-dependent protein kinase
(Knockaert et al. 2000). In this study, purvalanol B and its
derivatives were immobilized on an agarose matrix, and
cell extracts prepared from a diverse class of cell types
and organisms were screened for proteins binding
purvalanol B. This approach can easily be scaled up to
include a small molecule library. Printing proteins on a glass
surface can provide a way to assay for drug affinity for a
large number of different proteins. Several groups have
recently reported the development of protein microarrays
for a variety of applications, such as identifying protein
kinase substrates (Zhu et al. 2000), antibody screening
(Lueking et al. 1999), screening for protein-protein
interactions as well as protein targets for chemical probes
(MacBeath and Schreiber 2000) and accurate
measurement of protein abundance using antibody/antigen
microarrays (Haab et al. 2001).

Chemical Ligands and Systematic Study of gene and
Protein Functions

Given their unparalleled control of their target gene/protein,
chemical ligands are particularly suitable in genomic study
of gene/protein functions. They can be readily integrated
into the existing genomic approaches and tools. A
significant advantage of using chemical ligands is that there
is no limit on the developmental stage of the organisms or
the conditions the cells and organisms are in. In addition,
chemical ligands can be easily used in high throughput
analyses.

Chemical Ligands and Gene Expression Profiling

The most popular approach currently is to use chemical
ligands to study the role of the drug target in the control of
gene expression. High-density oligonucleotide or
complementary DNA (cDNA) microarrays (collectively
called DNA microarrays) immobilized on the surfaces of
glass slides can be used to simultaneously analyze the
expression of thousands of genes (Lockhart and Winzeler
2000). DNA microarrays have proven very useful in
elucidating the functions of the drug targets involved in
transcriptional control (Figure 2A). In such an approach,
the cell, tissue or organism is treated with chemical ligands.
mRNAs are prepared from the treated and untreated cell
or organism, and then used to produce fluorescence-
labeled cDNAs to hybridize DNA microarrays and generate
gene expression profiles. By comparing the differences
between the profiles before and after drug treatment, genes
whose expression is modulated by the chemical ligands
are then identified. These genes are further classified into
pools based on similar functions or co-regulation in the
cell. This information can often reveal specific transcription
factors and other regulators for each gene pool, thereby
allowing assembly of potential regulatory pathways
involving the drug target. A nice example is provided by a
recent study of yeast histone deacetylases (HDACs)
(Bernstein et al. 2000). In that study, three yeast HDACs,
HDA1, RPD3 and SIR2, were examined using the drug
trichostatin A (TSA) and deletion of the genes. Hda1 and
Rpd3, but not Sir2, are sensitive to TSA. The authors
elegantly demonstrated that individual HDACs have
specific roles in distinct transcriptional pathways as well
as some limited overlapping functions. It is now realized
that genes are regulated as networks. Many genes are
co-regulated in response to unique cellular conditions.
Efforts are being made to establish gene expression profile
databases of regulatory proteins and transcriptional
pathways. It is now possible to simultaneously compare
the drug-induced profiles with the existing gene expression
databases, thereby identifying relevant biological
pathway(s) or functions for the drug target. For example,
Hughes et al. used a compendium approach to compare
the drug-induced expression profile to reference profiles
of known cellular pathways (Hughes et al. 2000).
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Chemical Ligands and Protein Profiling

Proteomics or protein profiling is a field dedicated to
studying the complete protein complement of a cell, tissue
or organism. Posttranslational modifications play crucial
roles in regulation of diverse cellular processes such as
signal transduction, cell cycle control, development,
cytoskeleton networks and metabolism. Common
posttranslational modifications include phosphorylation
(Hunter 2000), ubiquitylation (Hershko and Ciechanover
1998) and related polypeptide-dependent modifications
(Hochstrasser 2000), acetylation/methylation (Sterner and
Berger 2000; Rice and Allis 2001) and proteolytic
processing (Mayer 2000). Even a single protein can
undergo several different forms of modification. For
example, histone, a major building block of the chromatin,
is phosphorylated, acetylated and methylated (Giaccia and

Kastan 1998). Deregulation in any of these modifications
can contribute to chromosomal and genome instability,
which may contribute to genetic defects and cancer.
Another important aspect of protein profiling is the study
of controlled assembly of protein complexes. Dynamic
changes in the components of these biological complexes
often form the regulatory basis for their relevant cellular
processes.

Small, cell-permeable chemical ligands are particularly
powerful in linking a regulatory protein and posttranslational
modification of its downstream targets. In a typical approach
(Figure 2A), a chemical ligand is added to the cells, which
leads to inhibition (or activation) of the regulatory protein.
As a result, posttranslational modification(s) of its
downstream targets is changed, which can be detected
traditionally by two-dimensional (2D) gels as judged by
each protein’s unique charge and size (Moller et al. 2001),

Figure 2. Chemical ligands and systematic study of gene and protein functions
A. Chemical ligands and global gene expression profiling and protein profiling
To study the role of a protein in global gene transcriptional control, a target-specific chemical ligand is used to modulate its activity. Total cellular mRNAs are
extracted from the cells before and after treatment with the chemical ligand. Fluorescence-labeled cDNA are generated and used to hybridize a high-density
DNA microarray. Comparing the expression profiles of the samples reveals the genes and the transcriptional pathways under the control of the drug target
protein. Alternatively, total cellular proteins are prepared and analyzed for global changes in posttranslational modification by protein profiling technologies
such as two-dimensional (2D) gel electrophoresis and liquid chromatography. This will allow assembly of biochemical pathway(s) controlling protein modifications.
B. Chemical ligands and global study of genetic interactions
A collection of genomic mutants (cells or simple organisms) is assayed for their sensitivity to the chemical ligand of interest. Mutants hypersensitive or
resistant to the drug can be determined by comparison of samples in the absence and presence of the drug. The genetic interaction network can then be
assembled by pooling genes with similar functions.
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or liquid chromatography-based protein separation
technologies, including the non-porous reversed-phase
high-performance liquid chromatography (RP-HPLC)
(Chong et al. 2001) and the two dimensional (2D) liquid-
phase separation method (Wall et al. 2000). Since these
separation methods are based on the biochemical and
biophysical properties of the polypeptides, each protein
tends to have a unique profile (or migration pattern) that
can be used for its identification. In the cases that
separation alone cannot provide sufficient information about
the protein, its identity can be further revealed by Mass
spectrometry (Gygi and Aebersold 2000). When the protein
has a change in modification, its unique profile also
changes and can be used as the basis for further
investigation based on the nature of the modification. For
example, phosphorylation of a protein is easily reversed
by phosphatase treatment in vitro. Moreover,
phosphorylation-, ubiquitin- and acetylation/methylation-
specific antibodies can be used to detect the nature of
protein modifications. The above approaches apply to any
type of modification. Alternatively, modified proteins can
be directly captured and examined for their relative
abundance under different conditions. Two recent reports
described smart chemistry that allows selective
modification of phosphopeptides or phosphoproteins within
complex mixtures (Zhu et al. 2000; Oda et al. 2001).
Modified peptides or polypeptides are then enriched by
covalent or high affinity avidin-biotin coupling to immobilized
supports, thereby allowing rapid analysis of
phosphorylation events in cells. In a similar vein,
modifications with ubiquitin, ubiquitin-like peptides, and
methyl and acetyl groups can also be used as epitope tags
to capture their modified proteins. In addition, antibodies
with specificity toward modified peptides can be arrayed
on microchips and used to detect changes in modification
of individual proteins (Belov et al. 2001; Huang 2001). In
any event, total cellular proteins still need to be compared
under different conditions to ensure accurate measurement
of a change in protein modification. These new protein-
profiling technologies can be easily integrated into chemical
ligand-directed research.

Chemical Ligands and Global Genetic Interaction Study

Genetic interaction is a powerful way to study the
relationship among genes (or proteins). If a gene acts in
the same pathway or a parallel pathway with a second
gene, its mutation may affect the phenotype(s) of a mutation
in the second gene. Such secondary mutations lead to
modification of phenotypes of the first mutations and are
thus called modifier mutations, which allows identification
of new components in the pathway(s) of a gene of interest.
In an extreme case, two normally viable mutations, when
combined, can generate a lethal phenotype, which is called
synthetic lethality. Several genomic deletion projects have
systematically generated deletion of individual genes in
model organisms, including the budding yeast (Winzeler
et al. 1999), the worms (Liu et al. 1999; Bargmann 2001),
the fruit fly (Spradling et al. 1999) and the mouse (Coelho
et al. 2000). This has made it possible to conduct global
genetic interaction studies of the gene of interest. However,

using the traditional targeted mutagenesis method is a
formidable task even with budding yeast, the simplest
eukaryotic organism, since one would need to generate
the same mutation in 6,217 different mutants. With a
chemical ligand, however, it is an easy and simple
operation. One would simply add the drug to the 6,217
samples and then examine the subsequent phenotypes to
identify genes whose mutations cause hypersensitivity or
resistance to the drug. Since genes in the same biological
pathway involving the drug target should confer drug
sensitivity phenotypes to various degrees, such a chemical
genomic screen should reveal most if not all of the genes
in the pathway. The potential global genetic pathways or
global genetic network can then be assembled by simply
pooling genes with similar cellular functions (Figure 2B).

The screening process can be easily automated either
as a 96-well plate-based assay or an oligonucleotide
microarray-based assay that takes advantage of the
internal barcodes to each deleted locus (Giaever et al.
1999). Giaever et al. demonstrated the feasibility of a
genome-wide drug sensitivity screen by examining 233
yeast deletion strains to the drug tunicamycin (Giaever et
al. 1999). The yeast genomic deletion mutants were first
used in the global study of genetic interactions with TOR
(Chan et al. 2000). TOR is a highly conserved ataxia
telangiectasia-related protein kinase essential for cell
growth. To establish a global genetic interaction network
of TOR, Chan et al. systematically measured the sensitivity
of individual yeast mutants to a low concentration of
rapamycin based on the relative growth of each mutant,
thereby assembling a global genetic interaction network
for TOR. The genome-wide screen is obviously
advantageous, because it profiles every single mutant
gene, regardless of the severity of the mutants’ phenotypes.
Even a moderate sensitivity could be biologically significant,
which would likely be missed in a traditional genetic screen
due to a weak phenotype. Moreover, every single mutation
is a complete deletion - it avoids many complicated
phenotypes by a point mutation or multi-allelic mutations
in a typical traditional genetic screen.

Conclusion

Chemical ligands can be readily integrated with many
existing genomic tools to create assorted chemical
genomics approaches such as gene expression and protein
profiling, and global analysis of genetic interaction. When
combined, these approaches can produce complete
biochemical and genetic profiles of the drug target protein.
Computationally assisted parallel comparison and cross
examination of different profiles will allow accurate detailed
prediction and assembly of the biological pathways
involved, which form the basis for validation and further
detailed study using conventional molecular and cellular
approaches. It has become apparent that such global
knowledge of the cellular network of genes and proteins is
critical for understanding disease mechanisms and
selecting the most relevant protein targets for discovery of
the optimal drugs. It will also vastly improve our ability to
predict other benefits and side effects of the existing drugs,
based on the global effects of the drug on gene expression,
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protein posttranslational modifications, and the biological
pathways assembled based on various chemical genomics
approaches. For instance, global study of genetic
interactions can unravel the genetic basis for drug
sensitivity. It is well known that some cancer cells are more
resistant or prone to certain anti-cancer drugs. One of the
determining factors of drug sensitivity is genetic variation
in genes in the same biological pathway(s) as the drug
target. Some mutations can increase or decrease
rapamycin sensitivity by as much as 10,000-fold (Chan et
al. 2000). Mutations in yeast DNA repair and checkpoint
pathways have also significant altered sensitivity to 23
different anti-cancer compounds (Simon et al. 2000). Drug
sensitivity profiles of different types of cancers can be
developed based on relative expression of genes involved
in biological pathway(s) the drug interferes with. They
should be valuable to devise customized protocols for
effective treatment of individual cancers. In addition, many
hypersensitive genes, genes with significant altered
expression or proteins with different modification may be
used as direct or secondary drug targets. Inhibition of the
secondary targets can sensitize cells to the original drug,
thereby significantly decreasing the dosages of the drugs
to minimize side effects while achieving maximal
therapeutic values. We foresee that chemical ligands
should become available for any given protein, which allows
chemical modulation of the protein’s activity, both positively
or negatively, and completely or selectively. These chemical
ligands can equip us with the ultimate power to examine
every molecular detail of cellular and organismic
physiology, which, in turn, can also facilitate the
understanding of disease mechanisms, the discovery of
highly specific drugs and the devising of customized clinical
protocols to treat individual disease conditions.
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