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Introduction

Completion of the Human Genome Project has pro-
vided the scientific community with a wealth of infor-
mation to further our knowledge of the gene func-
tion. Currently, an enormous effort is being applied
to studying the relationship between the mapped
genes and human disease. In the past, this enormous
endeavor has been mainly left to classical geneticists.
However, since the gene products, proteins, are dy-
namic and multifunctional, it has become clear that the study
of genes alone may not be sufficient to see the whole picture.
This has stimulated the field of chemical genetics at the inter-
face between chemistry and biology. Chemical genetics, in-
spired by classical genetics, makes use of small molecules as
mutation-inducing agents to study protein function. One ap-
proach of chemical genetics, forward chemical genetics, is
gaining recognition as a powerful strategy.[1±6] Forward chemi-
cal genetics is a three-step process (Figure 1). First, a collection
of small molecules is designed and synthesized.[7] The small
molecules are then screened in a model organism for the abili-
ty to perturb/change a biological process. Once an interesting
phenotype is found, the small molecule responsible for it is
used to isolate the target protein(s). Finally, upon identification
of the target protein, its identity can be linked with the previ-
ously observed phenotype, thus gaining better understanding
of that particular biological process. In addition, biologically
active small molecule can provide important structural infor-
mation for further development of novel therapeutic agents.
Even though the concept of using small molecules to study

cellular processes is not new, in practice, the forward chemical
genetics approach is still not systematic. Consequently, system-
atic strategies at every step of the forward chemical genetic
process would greatly accelerate the study of protein function
and development of novel therapeutic agents. In this review,
we will discuss the strategies and research tools that have
been developed to accelerate and systematize the field of for-
ward chemical genetics.

Library Design

The design of the library is the first and a very crucial step in
the forward chemical genetics process; this step determines
the success of the library. Libraries could be designed around a
natural product scaffold or a known drug scaffold.[8,9] A more
traditional approach, used widely before the advent of combi-

natorial chemistry, is to use natural product libraries to study
protein function.

Natural product library design

Natural products have undergone thousands to millions of
years of evolution and natural selection. As a result, they
should offer a rich source of biologically active compounds.
However, in many cases, using natural products to study pro-
tein function can be very challenging. In order to construct a li-
brary, samples need to be iteratively extracted from a natural
source and tested for biological activity until an active com-
pound is found.[5,10] Other limitations, such as low abundance
and influence of other compounds in the crude mixture, may
further compromise the activity. Cumbersome structure eluci-
dation of large and complex natural products may further
hamper the progress of the study. Even though these limita-
tions do result in a labor-intensive chemical genetics process,
this strategy should not be completely overlooked. According
to the cover story of Chem. Eng. News' November 2003 issue,
natural product drug discovery is on the verge of a come-
back.[11] This is due to advances in separation technologies and
more rapid and sensitive structure elucidation techniques. Nat-
ural products are irrefutably important for library design.
Around 60% of the antitumor and anti-infective drugs either
on the market or in the later stages of clinical trials are derived
from natural products.[12] One innovative method for accelerat-
ing natural product isolation and analysis was introduced by
Eldridge et al.[13] They developed an automated high-through-
put method in which each plant sample was separated by par-
allel four-channel preparative HPLC and then analyzed by par-
allel eight-channel LC-ELSD-MS. As a demonstration, they used

Figure 1. Forward chemical genetics approach a) Design and synthesis of small molecule
library; b) screening for novel phenotypes; and c) target-protein isolation and identification.
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Taxus brevifolia extract to isolate 36000 fractions containing
detectable compounds that were then screened for biological
activity.
Another approach undertaken by a collaboration of Analyti-

Con Discovery and Aventis Pharma was to abandon the
lengthy and laborious fractionation screens that require the
use of crude plant extracts and instead to construct and
screen a pure natural compound library.[14] Using automated
methods in combination with computer software to isolate
and purify the compounds and elucidate their structures,
within a period of 18 months, they amassed a collection of
4000 partially characterized, nonredundant natural compounds
in quantities of �5 mg per compound and �80% purity.

Natural-product-like and known-drug-like libraries

The first goal for both natural-product-like and known-drug-
like library design is to select a scaffold. Here, several aspects
have to be considered: the scaffold should have a good
number of diversity points for diversity-oriented synthesis
(DOS), it should allow for fairly undemanding synthetic manip-
ulations, and it should be rigid to minimize the entropic cost
of binding to proteins.
An example of successful scaffold selection was demonstrat-

ed by Schultz and co-workers. The design of their scaffold,
purine, was based on a natural inhibitor of several cyclin-
dependent kinases (CDKs), olomoucine, in search of a more
potent inhibitor (Scheme 1a).[15,16] Since the purine ring is pres-
ent in numerous biological molecules, it was expected that the
diverse purine libraries would yield an abundance of bioactive
compounds when screened in a variety of assays. And indeed,
not only a group of more potent CDK inhibitors was found by
screening the trisubstituted purine library,[15,16] but also other
biologically active compounds such as the microtubule inhibi-
tor myoseverin;[17,18] estrogen sulfotransferase (EST) inhibi-
tors;[19] carbohydrate sulfotransferase inhibitors;[20] diminutol,
microtubule dynamics regulator;[21] inositol 1,4,5-triphosphate-
3-kinase (IP3K) inhibitors;[22] purmorphamine, with osteogene-
sis-inducing activity ;[23] and reversine that converts differentiat-
ed cells into progenitor cells[24] (Scheme 1b±i). Purine, there-
fore, is capable of interacting on a variety of cellular pathways,
underscoring its versatility as a scaffold.
Nicolaou et al. constructed a combinatorial library based on

a template of 2,2-dimethylbenzopyran, which is found in a
number of natural products with diverse biological activi-
ties.[25,27] They synthesized a 10000-membered library as well
as several smaller libraries using the split-and-pool method
and IRORI NanoKan optical encoding system (Scheme 2a).
They later used copies of the synthesized library and extended
the diversity and library size by introducing additional diversity
sites through solution-phase chemistry (Scheme 2b).[27] A high-
throughput antibacterial screen of one of these libraries yield-
ed three benzopyran-derived cyanostilbenes 1±3 that were
active against several Methicillin-resistant Staphylococcus
aureus (MRSA) strains.[28] A more focused and thorough struc-
ture±activity relationship (SAR) study of compound 1 provided
information on the structural features necessary for activity

and uncovered several potent compounds.[29] In another study,
they screened the 10000-membered library in search of farne-
soid X receptor (FXR) activators (transcriptional sensor for bile
acid, the primary product of cholesterol metabolism) in a cell-
based reported assay.[29] As a result of this screen, they found a
number of active compounds that were further optimized to
result in a set of potent FXR agonists.
Another strategy to design a natural-product-like library was

described by Schreiber and colleagues.[3] Instead of using a
natural product template per se, they used a natural product,
(�)-shikimic acid, and modified it into a tetracyclic template
(Scheme 3). This strategy renders the natural-product template
more rigid, whilst retaining the structural features common to
natural products. This template allowed for a large number of
diversity modifications to build a small-molecule library from
which activators of a TGF-b-responsive reporter gene in mam-
malian cells were identified.[3]

Using an already known drug scaffold is another approach
to library design. Sulfonamides belong to a class of drugs that
has a wide range of pharmacological effects such as antibiotic,
hypoglycemic, diuretic, and antihypertensive.[30] The versatility
of sulfonamide-containing compounds makes them an inter-
esting group for the study of protein function. For that reason,
sulfonamide derivatives are one of the most widely studied
types of drug analogues. Owa and colleagues designed a
sulfonamide-focused library that was used in phenotypic
screens to discover two novel anticancer drug candidates.[31]

Other sulfonamide-focused libraries have been designed and
used in screens to discover novel blood coagulant thrombin
inhibitors and antimalarial compounds (Scheme 4).[32,33]

Phenotype Screening

The next step of the forward chemical genetics process is to
screen the small-molecule library in a phenotypic assay. An effi-
cient assay system entails a fully automated high-throughput-
screening format of large libraries in the physiological context
of a model organism. To date, a number of systems have been
used, including Arabidopsis plant, Danio rerio (zebra fish), Dro-
sophila (fruit fly), Caenorhabditis elegans, yeast, and mice.[34, 35]

Some advancements toward automating and miniaturizing the
screening step have been made.
Stockwell and colleagues developed an interesting method

to facilitate the screening step and the study of the lead com-
pound's mode of action.[36] They hypothesized that screening
compounds with known and dissected biological activities and
pathways will allow for rapid elucidation of novel biological
targets and mechanisms. Thus, the authors assembled a library
of 2036 structurally diverse compounds with a wide range of
known biological activities and compiled all published informa-
tion on their activities. As a case study, the compounds in this
annotated compound library (ACL) were screened for their ef-
fects on tumor-cell proliferation, and the results were com-
pared to the commercial-source library. They found that 1% of
the ACL compounds have fourfold selectivity for killing tumor
cells as opposed to primary cells, compared with only 0.01%
of the commercial-source compounds. Next, they set out to
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Scheme 1. a) Design of the 2,6,9-trisubstituted purine library ; b) CDK1 and CDK2 inhibitors (Purvalanol A, B and Compound 52, 52Me and other 2,6,9-trisubstituted
purine CDK inhibitors acting at different cell-cycle phases; c) microtubule-binding compounds; d) estrogen sulfotransferase inhibitor ; e) carbohydrate sulfotransfer-
ase inhibitor ; f) diminutol, microtubule dynamics regulator ; g) IP3K inhibitor; h) purmorphamine, osteogenesis-inducing activity ; i) reversine, converts differentiated
cells into progenitor cells.

Scheme 2. Library based on a 2,2-dimethylbenzopyran template. a) Template for the solid-phase method; b) Template for the extension of diversity sites by solu-
tion-phase chemistry; c) compounds displaying activity against MRSA strains.
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uncover mechanisms of action associated with tumor-cell pro-
liferation. For that, they used their compiled information and
developed automated algorithms to accelerate the analysis.
Among the 85 active compounds, 28 mechanisms were statis-
tically over-represented. In addition to known antitumor mech-
anisms, other mechanisms, unrelated to antitumor action were
found; this underscores the effectiveness of this method.
Another contribution to the facilitation of the screening step

was made by Kapoor et al. , who designed a small-molecule
probe for the dynamics of cell division.[37] In their strategy, the
compound of interest is ™photocaged∫ with a photolabile pro-
tecting group, ortho-nitrobenzyl ether (Scheme 5). The com-
pound remains inert while it is being equilibrated with the
cells until its release through a photolysis reaction to perturb
the function of the target.
Another novel approach involves the use of an automated

microscope. Together with image-analysis software, this ap-
proach allows for high-throughput screening of cells in a

multiwell-plate format.[5, 6,38, 39]

Schreiber and colleagues used
this method to identify several
small molecules that specifically
modulate various aspects of em-
bryonic development in a zebra-
fish system, such as develop-
ment of the central nervous
system, the cardiovascular
system, the neural crest, and the
ear.[40] Myoseverin, a microtu-
bule-binding molecule, was
found by Rosania et al. from
screening a 2,6,9-trisubstituted

purine library using phase-contrast microscopy.[18]

Shair and co-workers identified an active molecule
that perturbs protein trafficking by screening a library
of 2946 small molecules that were similar to natural
compounds in a mammalian-cell phenotypic assay.[41]

Target Isolation and Identification

Once an interesting phenotype is found, the next
step is to link this phenotype to the protein function.
Enormous research efforts have been focused on this
step of the forward chemical genetics process. Here,
the lead compound needs to either have a built-in
functional group or has to be fitted with a handle
in order to fish out the target protein(s). Most com-
monly used methods include tethering the active
compound onto an agarose support or labeling it
with a biotin tag.[42] These methods then require pro-
tein separation by gel electrophoresis and detection
by western blotting. Some innovative approaches
to expedite the target-isolation step have been
developed.
For example, one approach was designed to accel-

erate the attachment of the lead compound to an

agarose support without having to perform extensive and la-
borious SAR studies to fit the lead compound with a handle,
which can often lead to the loss of the compound's activity.
Chang and co-workers designed a triazine library with a built-
in linker containing an amino functionality, which, after the
phenotype testing, can be directly used for attaching the com-
pound to an agarose support (Scheme 6a).[43] Using this
method, Chang et al. found compound 1 and its more potent

Scheme 5. Photocaged small-molecule probe.

Scheme 3. Natural-product template used in the synthesis of a small-molecule library by Schreiber and colleagues.
a) Potential building-block-coupling sites and b) synthesized library compounds.

Scheme 4. Novel sulfonamide a) anticancer compounds, b) blood coagulant thrombin
inhibitors, and c) antimalarial derivative.
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derivative, encephalazine, by a phenotypic screen of zebra-fish
embryos; 1 was then directly tethered to an agarose support
to fish out several ribosomal accessory proteins or their com-
plexes as the target (Scheme 6b).

In some cases the affinity and specificity of small mol-
ecules to their target proteins are rather low; this can
lead to nonspecific interactions rendering the identifica-
tion of the primary binding partners difficult.[44] In this
case, the use of affinity matrices to isolate the target pro-
tein is not sufficient. To address this problem, Oda et al.
developed a comprehensive method that involves quan-
titative proteome analysis.[44] The authors first identified
a total of 285 proteins from affinity-matrix work using
two-dimensional HPLC±MS/MS analysis. They went on to
perform two-dimensional differential in-gel electrophore-
sis (2D-DIGE) and the isotope-coded affinity tag (ICAT)
method to identify a number of common proteins. They
further performed array-based transcription profiling,
which, in addition to their proteome analyses, implicated
metabolic enzyme proteins as the possible target. Finally,
they carried out surface plasmon resonance (SPR) analy-
sis using the active small molecule and several metabolic
enzymes discovered through the proteome analysis to
find that cytosolic MDH was the target protein.
Yet another innovative approach that omits the agar-

ose step altogether involves a covalent modification of a
target protein with a library compound. Here, the library com-
pounds are designed to contain an electrophilic group such as
an epoxide, fluorophosphonate, sulfonate ester, or vinyl sul-
fone as well as a tag.[42,45±50] The use of fluorescence or radioac-
tively tagged compounds allows for direct visualization of
target proteins by scanning the gel, thus eliminating the west-
ern-blot step and further accelerating target-isolation step.[45±47]

By using the reactive compound, the target protein is cova-
lently modified and can then be easily isolated from the mix-
ture by using the built-in tag. This approach utilizes activity-
based protein profiling, which is complementary to binding-
based affinity-matrix methods. For example, Cravatt and co-
workers designed a library of biotinylated and rhodamine-

tagged sulfonate esters and used them to profile the reactivity
of a proteome based on properties other than protein abun-
dance (Scheme 7).[48]

When designing such a scaffold, the choice of electrophilic
group is key. More specifically, its reactivity should be carefully
considered, since the selectivity of the target protein toward
the compound will be compromised if the electrophilic group
is too reactive.

Conclusion

Forward chemical genetics is proving to be a powerful ap-
proach to studying protein function. However, since it has
been estimated that there are over 30000 protein-encoding
genes in the human genome, innovative strategies will be
needed to accelerate forward chemical genetics work. Signifi-
cant progress has already been made in all three steps of the
forward chemical genetics process; a) small-molecule library
synthesis, b) screening for interesting phenotypes, and c) isola-
tion and identification of the target protein. With the advent
of combinatorial chemistry, generation of small-molecule libra-

ries has become rapid, once the scaffold is designed. Pheno-
type screening is probably still the bottleneck step of the pro-
cess; thus new robust high-throughput screening methods are
required. A number of useful research tools for the final target-
protein-isolation step have been introduced, but more general-
ized strategies are still needed in order to target diverse
groups of proteins.
Strong collaborative efforts between chemists and biologists

to make this field more systematic will greatly accelerate for-
ward chemical genetics. The post-genome-project era is an ex-
citing time for the scientific community; the forward chemical
genetics approach holds great promise to be an integral player
in the study of protein function and ultimately human disease.

Scheme 6. a) Tagged-triazine-library scaffold; b) active compounds found in the
forward chemical genetics screen with zebra-fish embryos and used to isolate
the target protein.

Scheme 7. Examples of activity-based probes.
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