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▼ The turn of the century marks a dramatic
breakthrough in biology and medicine. In less
than a decade, we have advanced from know-
ing very little about the genetic makeup of
living organisms to possessing databases com-
prised of every single genetic code. Currently,
the whole genome sequences of 600 different
species are publicly available, of which 170
belong to eukaryotes, according to the National
Center for Biotechnology Information (NCBI)
genome site (http://www.ncbi.nlm.nih.gov/
Entrez/Genome/main_genomes.html). Most
importantly, the entire human genome has
been sequenced successfully. This complete
knowledge of genomic sequences will have 
a tremendous impact on biological and bio-
medical research. New, scalable technologies
have become essential to process large amounts
of genomic information. Chemical ligand-based
approaches are especially useful in high-
throughput genomic analyses towards under-
standing protein functions.

Chemical genetics
Genetic analysis has been the benchmark 
for studying genes and proteins for nearly a 
century. In traditional genetics or ‘forward 
genetics’, the genome of a model organism is
randomly mutagenized. Mutants that produce

a change in a desirable phenotype or trait,
such as growth, appearance or behavior, are
used to discover the identity of genes respon-
sible for producing the phenotype. Because of
advances in molecular biology, a second type
of genetic approach called ‘reverse genetics’
was developed. In reverse genetics, an already
identified gene is mutated or deleted and the
resultant phenotype is studied, providing a
picture of the role of that gene in the organ-
ism. One major problem of traditional gen-
etics is that mutations are usually constitutive.
Mutations in essential proteins often lead to
lethality at early life stage and make it impos-
sible for subsequent studies. 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.

To circumvent these problems, various
strategies have been developed to create 
so-called ‘conditional alleles’, in which the
functions of genes become lost under certain
conditions [1]. Frequently used conditional 
alleles are temperature-sensitive (ts) and cold-
sensitive (cs) mutations. These alleles produce
mutant proteins that lose functions at non-
permissive temperatures as a result of misfold-
ing and/or proteolytic degradation. This 
approach works well for simple organisms,
such as yeast, worms, fruit flies and small
plants, but it is limited for mammals. Another
popular approach is the use of the inducible
cre-lox P system, in which the targeted genes
are flanked with lox P sites. A transgene carry-
ing an inducible cre gene is also present in the
same organism. Upon induction of the cre
recombinase, the target gene is excised from
the genome, thereby creating a null mu-
tation. In addition, RNA interference (RNAi)
is increasingly recognized as an effective way
of producing conditional alleles by causing
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degradation of messenger RNAs (mRNAs) [2]. However,
these approaches are based on the blockage of steps leading
to translation, which are often ineffective towards proteins
with long half-lives.

Over the past two decades, target-specific chemical li-
gands have greatly enhanced our ability to delineate com-
plex biological pathways and processes. Cell-permeable
chemical ligands can rapidly bind to their target proteins
and create loss-of-function (or gain-of-function) pheno-
types. Such research, traditionally called pharmacology,
originated from the need to understand mechanisms of
drug action. The scope of research involving small chemi-
cal ligands is now shifting towards studying biological
questions, therefore, it is now often called ‘chemical 
biology’ or ‘chemical genetics’ [3]. More comprehensive
analysis of chemical genetics can be found in several 
recent reviews [4–6]. Such a new terminology genuinely re-
flects its current state in modern academic biological and
medical research. Even in the pharmaceutical industry, it is
realized that a detailed understanding of biological path-
ways is pivotal to successful drug development. Although
chemical ligands are primarily used to target proteins, they
might also bind to nucleic acids, such as DNA promoter 
sequences [7]. For simplicity, however, we limit our discus-
sion here to protein target-specific chemical ligands.

In a typical chemical–biological approach, cell perme-
able, target-specific chemical ligands are added to the cells
where they bind to protein targets and cause loss-of-function
or gain-of-function phenotypes. These ligands could bind
to the enzyme’s catalytic site by mimicking natural sub-
strates of the enzymes, as exemplified by the drug lovas-
tatin (mevinolin). Lovastatin interacts with the catalytic
site of hydroxymethylglutaryl (HMG)-CoA reductase and
inhibits its enzymatic activity [8]. The chemical ligands
could 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 –
and activates PKC activity [9]. In some cases, chemical 
ligands selectively interfere with certain function(s) of 
the target proteins but leave other functions intact. For 
example, the immunosuppressive drug rapamycin specifi-
cally inhibits a G1-related function of the target of 
rapamycin protein 2 (Tor2) but leaves intact a second 
essential function of Tor2, which is involved in actin 
depolarization [10,11]. Selective inhibition of a particular
function by a drug can be a useful feature to study multi-
functional proteins. Chemical ligands can penetrate into
the cells and bind to their target proteins with very fast 
kinetics. They directly neutralize or activate the target pro-
teins, without having to be dependent on the stability of
the target proteins, like in traditional genetics. Moreover,

because of their unstable nature and their rapid removal
by the cellular detoxification systems, these compounds
tend to stay in the cells for a short time [12]. Therefore, the
effect of the chemical ligands can easily be turned on and
off, thereby creating chemically conditional alleles that are
dependent on their drug action. In essence, chemical lig-
ands pose unparalleled temporal and spatial control over
their protein targets.

Like traditional genetics, the early stage of chemical gen-
etics primarily involved ‘forward chemical genetics’, in
which natural products or a pool of synthetic compounds
are screened for desired phenotypes, such as inhibition of
tumor growth in vitro. However, during such studies it was
realized that many natural products were of high speci-
ficity and potency towards certain important cellular pro-
teins. Therefore, efforts have been made to identify the
drug targets using the chemical compounds as probes.
Classical examples include the proteasome inhibitor, lacta-
cystin, and the immunosuppressant, rapamycin [13]. Both
drugs are microbial natural products that inhibit cell pro-
liferation and interfere with normal cellular functions
[14,15]. Biochemical purification revealed the 20S protea-
some as the sole target for lactacystin [16]; biochemical
and genetic analyses led to the discovery of TOR proteins
as the targets of rapamycin [17–21].

Knowledge of target proteins leads to the evolution of
chemical genetics to a stage that parallels the classical re-
verse genetics (Fig. 1). For example, the use of lactacystin
led to the discovery of the proteasome in diverse biological
pathways and processes, including antigen presentation,
cell-cycle control and cell-fate determination [22]. Similarly,
studies using rapamycin allowed identification of a number
of TOR-dependent cellular factors, including the ribosomal
S6 kinases (S6K) as crucial mediators of TOR signaling to
translational control in mammalian cells [23,24], and also
Gln3 as a mediator of TOR signaling in nitrogen sensing
and transcriptional control in yeast [25–28]. Target-specific
chemical ligands have gained great popularity in recent
years in research to dissect the functions of target proteins
and molecular events, such as signal transduction and 
enzymatic reactions. For instance, there are nearly 2000
papers citing the use of the MAP kinase kinase (MKK) 
inhibitor PD98059 and >1500 papers reporting the use of
phosphoinositide 3-kinase (PI-3K) inhibitor wortmannin
[29].

Protein engineering in chemical biology
A major limitation for chemical biology is that only a small
number of target-specific chemical ligands are available.
Protein engineering, when combined with synthetically
modified chemical ligands or substrates, can also provide
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an effective substitution for target-specific chemical li-
gands [30]. Protein kinases are highly conserved in their
catalytic domains, making it difficult to develop highly
specific inhibitors to each individual kinase. However, it is
possible to engineer the catalytic site of a given kinase so
that it can accommodate a modified ATP, which binds to
the engineered kinase but not other kinases in the cell.
This is exactly what Shokat and colleagues did with v-Src, a
protein tyrosine kinase [31]. To differentiate the substrates
of v-Src from that of all other kinases, they mutated the
ATP-binding site of v-Src so that the engineered v-Src
uniquely accepted N6-(cyclopentyl) ATP, an ATP analog
that catalyzes normal protein phosphorylation. However,
N6-(cyclopentyl) ATP is not accepted by the unmodified 
v-Src or other protein kinases.

Using a variation of the previous strategy, Bishop and
coworkers devised a way to create allele-specific inhibitors
of engineered protein kinases [32]. These inhibitors specifi-
cally inhibit the modified protein kinases, but not the wild
type, endogenous kinases. Another popular approach takes
advantage of the fact that many regulatory proteins require
protein–protein interactions for signaling. A synthetic
chemical dimerizer (FK1012), which is derived from FK506
with two FK506-binding protein 12 (FKBP12)-binding moi-
eties, is used to mediate the interaction of proteins fused 
to FKBP12 [33]. When FK1012 is added to the cell, two
FKBP12-fusion proteins become dimerized, thereby initiat-
ing signal transduction. Variations of this approach with a

single compound – such as rapamycin,
which has two distinct protein-binding
surfaces – can provide higher speci-
ficity and more flexibility for such ap-
proaches [34]. These chemical ligands
can be used to effectively turn on and
off engineered proteins.

Why chemical genomics?
Thanks to the large-scale genome se-
quencing efforts, we now possess com-
plete knowledge of the genetic codes 
of man and model organisms. In this 
genomic era, traditional genetic and
biochemical approaches are no longer
sufficient to process, or take advantage
of, the vast amount of DNA sequence
information. New, scalable technologies,
such as DNA- and protein-microarrays,
have become essential in keeping pace
with accelerated research and discov-
ery. Chemical compounds are particu-
larly well suited for genome-wide,

high-throughput studies. For simplicity, we call the appli-
cation of target-specific chemical ligands on a genomic
scale research ‘chemical genomics’. It can also include the
development of chemical ligands using genomic tools.
Chemical genomics also comes at an opportune time when
many sophisticated technologies for chemical ligand 
synthesis and screening and/or identification have finally
become available. New synthetic methodologies, such as
combinatorial chemistry [35] and structure-based chemical
ligand (or drug) design [36], small chemical compound
[37] and protein microarrays [38–40], are just a few exam-
ples of many innovative technologies for high-throughput
chemical ligand screening and/or identification. These
new technologies will inevitably power the discovery of
chemical ligands for many important proteins, and accel-
erate research and discovery in biology and medicine. In
this article, we will focus on three genomic areas where
chemical ligands are expected to have a major role towards
understanding the global functions of proteins.

Chemical ligands and global gene-expression
profiling
Regulation of gene expression is an important way for the
cell or organism to control its structure, functions and de-
velopment. Therefore, studying the role of a protein in the
regulation of gene expression has been at the forefront of
molecular and cellular biology. Complete genome sequences
enable the assembly of entire open reading frame (ORF)
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Figure 1. Dissecting protein functions using target-specific chemical ligands. The use of
lactacystin unraveled important biological functions for the proteasomes, including
antigen presentation, cell-cycle control and cell-fate determination. The studies with
rapamycin led to the identification of the ribosomal S6 kinases (S6K) as crucial mediators
of TOR signaling to translational control in mammalian cells and the GATA-type
transcription factor Gln3p as a mediator of TOR signaling in nitrogen catabolite
repression (NCR) in yeast. 

Drug Discovery Today 

Physiological roles?

TOR

Using rapamycin to
specifically block
TOR functions

FKBP
Rap

TOR

Identification of rapamycin-
sensitive TOR functions
in yeast and higher
eukaryotes:

Identification of proteasomal
functions in different organisms:

Gln3p

...

...

Nutrient
signaling

TOR

p70S6K Protein
synthesis

Using Lactacystin to specifically
block proteasomal functions

Proteasome

Proteasome

Lactacystin
Cell cycle
progression

Antigen
presentation
Cell fate
determinationPhysiological roles?

Proteasome



sets for individual organisms. This makes it globally 
possible to study gene expression by high-density oligo-
nucleotide or complementary DNA (cDNA) microarrays 
(collectively called DNA microarrays) immobilized on the
surfaces of glass slides [41]. In such studies, mRNAs are ex-
tracted from the sample-of-interest (cell, tissue or organ-
ism), labeled with biotin or fluorescent dyes and used to
hybridize the DNA microarrays to generate complete gene-
expression profiles of the sample cell, tissue or organism.

DNA microarrays have proven useful in elucidating the
functions of the drug targets involved in transcriptional
control (Fig. 2). 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 used to produce fluorescence-labeled cDNAs to hy-
bridize 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 can then be identified.
These genes are further classified into pools based on simi-
lar functions or coregulation in the cell. This information
can often reveal specific transcription factors and other
regulators for each gene pool, thereby allowing the assem-
bly of potential regulatory pathways involving the drug
target. A good example is provided by a recent study of
yeast histone deacetylases (HDACs) [42]. There are six

HDACs in budding yeast: Rpd3, Hda1,
Hos1,2 and 3 and Sir2, of which Rpd3
and Hda1 are sensitive to the HDAC
inhibitor trichostatin A (TSA), Sir2 and
Hos1 are TSA-insensitive, Sir2 is acti-
vated by nicotinamide adenine dinu-
cleotide (NAD), and little is known
about Hos2 and 3. In this study, the ef-
fect of TSA, and the deletion of HDA1,
RPD3 and SIR2 on yeast global gene ex-
pression, is compared. It demonstrated
that individual HDACs have specific
roles in distinct transcriptional path-
ways, as well as some limited over-
lapping functions.

Gene expression profile databases of
regulatory proteins and biological
pathways are rapidly expanding. It is
now possible to develop and use so-
phisticated software to simultaneously
compare the drug-induced profiles
with the existing databases, thereby 
retrieving and identifying relevant 
biological pathway(s). For example, a
compendium approach was used to

compare the expression profile caused by a drug-induced
perturbation to a large and diverse set of reference profiles,
and the pathway(s) perturbed by a drug is examined by
matching the drug profile with profiles of known cellular
pathways [43]. DNA microarrays are also useful for drug
target validation, identification of secondary drug target(s)
and improvement of drug development programs. Marton
and colleagues studied the effect of FK506 and cyclosporin A
(CsA) on global gene-expression profiles [44]. They demon-
strated that treatment of these drugs in the wild-type yeast
strain pheno-copy the null mutations of CNA1 and CNA2,
which encode the catalytic subunits of calcineurin. A 
similar phenomenon was observed when 3-aminotriazole 
(3-AT) was used to compare gene-expression profiles to that
of the his3 mutant. In a separate experiment, the authors
increased the concentration of FK506 and noticed that ex-
pression of several genes was independent of calcineurin.
They subsequently found that the transcription factor
Gcn4 was responsible for this new FK506 effect, placing
Gcn4p as a potential secondary target of FK506.

Chemical ligands and protein profiling
Proteomics, or protein profiling, is an emerging field dedi-
cated to the study of the complete protein complement of
a cell, tissue or organism. Posttranslational modifications
have crucial roles in the regulation of diverse cellular
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Figure 2. Chemical ligands and global gene-expression 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 under the control of the drug target protein.
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processes, such as signal transduction,
cell-cycle control, development, cyto-
skeleton networks and metabolism.
Common posttranslational modifica-
tions include phosphorylation [29],
ubiquitylation [45] and related poly-
peptide-dependent modifications [46],
acetylation and/or methylation [47,48]
and proteolytic processing [49]. In
many cases, a single protein – particu-
larly those with important regulatory
functions – can be posttranslationally
modified by several distinct mecha-
nisms, depending on the regulatory
needs. For example, p53, the most fre-
quently mutated protein in human
cancers, is phosphorylated at multiple
sites, acetylated, ubiquitylated, oxidized
and proteolytically degraded [50].
Deregulation in any of these modifica-
tions can contribute to human cancer.
Therefore, it is important to study
whether and how a regulatory protein
controls posttranslational modifica-
tion(s) of other cellular proteins. Another
important aspect of protein profiling is
the study of controlled assembly of
protein complexes. In addition to the
well-known protein complexes, such as ribosomes and pro-
teasomes, many other regulatory proteins also function in
large 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 posttrans-
lational modification of its downstream targets. In a typi-
cal approach (Fig. 3), a chemical ligand is added to the
cells, which leads to the inhibition (or activation) of the
regulatory protein. As a result, posttranslational modifica-
tion(s) of its downstream targets is changed, which can be
detected traditionally by two-dimensional (2D) gels, where
each polypeptide migrates at a unique position based on
its molecular weight and charge [51]. When the protein is
modified by ubiquitylation, for example, its mobility
changes because of an addition of ubiquitin or polyubiqui-
tin moieties. By comparison of the 2D gel patterns of sam-
ples before and after treatment with the chemical ligand,
the polypeptide spots with altered mobility are localized.
The identity of these polypeptides is further revealed by MS
[52]. In addition, the nature of posttranslational modifica-
tion for each polypeptide can be further investigated. For

example, phosphorylation of a protein is easily reversed by
phosphatase treatment in vitro. Moreover, phosphorylation-,
ubiquitin-, and acetylation and/or methylation-specific 
antibodies can be used to detect the nature of protein
modifications. Although 2D gels are useful in identifying
posttranslationally modified proteins, each 2D gel can only
resolve a limited number of polypeptides because of the
low resolution of traditional detection methods, such as
silver staining. Most low-abundant proteins are often
missed as a result. Recently, highly sensitive methods have
been developed. One example is to covalently conjugate
proteins with fluorophores and to capture fluorescence 
2D images by the charge-coupled device (CCD) camera 
and laser-scanner-based image acquisition devices [53].
Sophisticated software can further reveal the identity of an
individual protein spot.

Several liquid-chromatography-based technologies have
also been developed for advanced proteomic studies. A non-
porous reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC) approach was used recently to efficiently
separate proteins in the mass range of 5–90 kDa, which 
were then identified by the on-line electrospray ionization
(ESI)-MS [54]. Another approach is the 2D liquid-phase
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Figure 3. Chemical ligands and protein profiling. A cell-permeable, target-specific
chemical ligand that perturbs posttranslational modification of a downstream target
protein can be studied by protein profiling technologies, such as two-dimensional (2D)
gel electrophoresis. A change in modification of a protein (as shown by an arrow) could
be detected by comparison of the protein migration patterns before and after treatment
with the chemical ligand. The identity of the protein can then be revealed by MS.
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separation method, in which proteins are separated by 
liquid-phase isoelectric focusing (IEF) in the first dimen-
sion, and then by hydrophobicity using non-porous 
RP-HPLC in the second dimension [55]. Other recently de-
scribed IEF fractionation techniques include the liquid-
based IEF procedure of free flow electrophoresis (FFE) [56]
and the multicompartment electrolyzer, which operates
with IEF membranes [57]. These new technologies are not
restricted by sample load and are thus more amendable to
the study of low abundance proteins. In addition, new
techniques, such as isotope-coded affinity tags (ICAT),
greatly improved the sensitivity and quantitative analysis
of protein profiling [58].

The approaches described previously are based on the
analysis of total proteins, both posttranslationally modi-
fied and unmodified. Alternatively, modified proteins 
can be captured directly and examined for their relative
abundance under different conditions. Two recent reports
described smart chemistry, which allows the selective mod-
ification of phosphopeptides or phosphoproteins within
complex mixtures [40,59]. Modified peptides or polypep-
tides 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 towards modified 
peptides can be arrayed on microchips and used to detect
changes in the modification of individual proteins [60,61].
In any event, the 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 integrated easily
into chemical ligand-directed research.

Chemical ligands and genome-wide genetic
interaction mapping
The knowledge of complete genome sequences leads to the
identification of ORFs that encode for proteins. Because
most of the eukaryotic ORFs are unknown or poorly stud-
ied, organized efforts are being made to generate, systemati-
cally, deletion mutants of individual genes of the entire
genomes of many organisms. The Saccharomyces Genome
Deletion Project (SGDP) is the first such initiative [62]. It
has generated deletion of the entire 6217 ORFs that exist
in the yeast genome in a PCR-based approach. Similar
large-scale deletional projects are underway for other major
model organisms, such as Caenorhabditis elegans (using 
either PCR-based deletion [63] or RNAi [64]), Drosophila
melanogaster (using P-element insertion [65]), Arabidopsis

thaliana and Mus musculus [66]. Complete sets of mutants
in different organisms lay the foundation to discern pro-
tein (or gene) functions by systematically analyzing the
mutant phenotypes.

Genetic interaction is a powerful way of studying the re-
lationships among genes (or proteins). If a gene acts in the
same pathway or a parallel pathway with a second gene, its
mutation might affect the phenotype(s) of a mutation in
the second gene. Such secondary mutations lead to modifi-
cation of phenotypes of the first mutations, and are thus
called modifier mutations, which enables the identifi-
cation 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’. Chemical ligands are ideal for
conducting genomic screens for modifier phenotypes
(Fig. 4). This is because chemical compounds can be con-
veniently administered into individual cells, tissues or 
organisms, thereby creating the same chemically induced
alleles in different preexisting mutant backgrounds. The
genetic interactions between the drug targets and all other
genes can then be systematically measured, based on the
relative sensitivity of the mutants to the drug. Even if the
drug target-gene is essential, a partial loss-of-function 
allele can be easily produced by lowering the drug concen-
tration. This variation is a particularly useful feature 
because it can be used in synthetic lethality screens. The
screening process can be easily automated, either as 96-well
plate-based or oligonucleotide microarray-based assays.
Each yeast deletion mutant has an internal barcode to 
enable recognition by its unique oligonucleotide sequence
[67].

Genetic screens for mutations that confer heightened
sensitivity to drugs such as benomyl, have led to the dis-
covery of important cellular events, such as the spindle
checkpoint [68]. Giaever and colleagues demonstrated the
feasibility of a genome-wide drug sensitivity screen by ex-
amining 233 yeast deletion strains to the drug tunicamycin
[67]. The yeast genomic deletion mutants were first used in
the global study of genetic interactions with TOR [69]. TOR
is a highly conserved ataxia telangiectasia-related protein
kinase essential for cell growth. To establish a global gen-
etic interaction network of TOR, Chan and coworkers [69]
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 its
phenotype. Even a moderate sensitivity could be biologically
significant, which would probably be missed in a traditional
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genetic screen because of a weak phenotype. Moreover,
every single mutation is a complete deletion, so it avoids
many complicated phenotypes by a point mutation or
multi-allelic mutations in a typical traditional genetic
screen. Because genes in the same biological pathway that
involve the drug target should confer drug sensitivity phe-
notypes to various degrees, such chemical genomic screens
should reveal most, if not all, of the genes in the pathway.
This enables the convenient assembly of biological path-
ways of the drug target by simply pooling genes with similar
functions.

The global study of genetic interactions is not only use-
ful for delineating protein functions but also 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 biologi-
cal pathway(s) as the drug target. Some mutations can 
increase or decrease rapamycin sensitivity by as much as
10,000-fold [69]. Another study also revealed dramatically
varied sensitivities of a collection of yeast DNA-repair 
and checkpoint mutants to 23 different anti-cancer com-
pounds [70]. Drug sensitivity profiles of different types of
cancers can be developed based on the relative expression
of genes involved in biological pathway(s) that the drug
interferes with. They should be valuable in devising cus-
tomized protocols for the effective treatment of individual
cancers. In addition, many hypersensitive genes could be
used as secondary drug targets. Inhibition of the secondary
targets can sensitize cells to the original drug, thereby sig-
nificantly decreasing the dosages of the drugs to minimize
side effects and achieve maximal therapeutic values. A 
recent study using isogenic knockout colon-cancer cells,
with wild type and mutant K-ras, demonstrates the feasibility
of such an approach in mammalian systems [71].

Future perspectives
Chemical ligands can be integrated readily with many ex-
isting genomic tools to create assorted chemical genomics
approaches, such as gene expression and protein profiling,
and global analysis of genetic interactions. When 
combined, these approaches can produce complete bio-
chemical and genetic profiles of the drug target-protein.
Computationally assisted parallel comparison and cross ex-
amination of different profiles will enable an accurate and
detailed prediction of the biological pathways involved,
which form the basis for validation and further detailed
study using conventional molecular and cellular approaches.
We envisage, in the not-so-distant future, that chemical
ligands will become available for most important proteins,
which enables chemical modulation of their activities,

both positively or negatively, and completely or selectively.
These chemical ligands will equip us with the ultimate
power to examine every molecular detail of cellular and or-
ganism physiology, as well as to deal with every disease
causing condition.
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Figure 4. Chemical ligands and the global study of genetic
interactions. In a typical global study of genetic interactions, 
the sensitivity of individual deletion mutants to a drug is
systematically measured in a 96-well plate-based assay (a) or a
bar-code oligonucleotide microarray-based assay (b). Mutants
that are 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 be assembled by
pooling genes in the same genetic or biological pathways.
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