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1. Introduction

T This paper is dedicated to Professor Sung-Kee Chung, my lifetime mentor,  Chemical genetics in the simplest terms, can be defined
on the occasion of his 60th birthday. “ o ! s g :
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Figure 1. Forward genetics begins with a wild-type cell or organism that has its DNA mutated via chemical- or radiation-induced mutagenesis.
The organisms are then screened for changes in phenotypes of interest, and that phenotype is selected out. The selected cell/organism is
then analyzed to identify the mutated gene responsible by gene mapping. Reverse genetics begins with the selective targeted mutation of
a gene. The phenotype induced is observed, and the mutant is compared to the wild-type to determine the gene’s function.

gene product(s), proteins (genetic knockout), from the gene, and characterizing the phenotypic differences between
organism. In contrast, chemical genetics indirectly studies athe mutant and the wild-type organisfis.In the same
gene’s role by altering the activity of the cognate protein, context, reverseehemical genetics (RCG) begins with a
using small molecule inhibitors analogously to the genetic known protein, analogous to a specific gene selecibhnis
knockout!-34 known protein is then screened with vast pools of library
As is classical genetics, chemical genetics is divided into compounds to identify functional ligands that either stimulate
two approaches, forward and reverse (Figures 1 and 2).or inhibit the target proteif® Once a specific ligand is
Forward genetics (FG) operates “from effect to cause” or identified, it is introduced to a cell or organism, analogous
“phenotype (physically apparent characteristic) to genotype to genetic mutation, and the resulting changes in phenotype
(genetic sequence)” and requires no specific gene target fromare studied.
the onset 8 It studies changes in phenotype(s) such as Compared to classical genetics, chemical genetics offers
morphology, growth, or behavior resulting from random a number of advantages and provides access to previously
genomic DNA mutations or deletions induced from radio- unstudied biological spacé.Use of chemical tools offers
active or chemical mutagenesis and then identifies the genegreater ease and flexibility than classical genetic modifica-
responsible through mutation mappihtf Forwardchemical tion. Classical genetic techniques are relatively difficult to
genetics (FCG) mimics FG by substituting random mutagen- employ, especially in mammals due to their diploid genome,
esis with a collection of a library of typically unbiased (not physical size, and slow reproduction rate, though great
targeted) compounds as protein function regulators in placeprogress has been made in this are& On the other hand,
of mutagend.The first step in both FG and FCG is to screen chemical genetics studies may be conducted on any complex
for changes induced by either the inhibition or stimulation cellular or animal models without any time-consuming
of a protein’s function, and both go on to identify the genetic genetic modifications that may prove lethal or in which the
cause, but in different ways. FG goes after genetic mutation, cell/animal can mask the phenotype through related gene
a permanently retained marker, but FCG needs to identify functional compensation for the mutatibf!42*Especially
the protein partner for the small molecule. This target important is chemical genetics’ promise of operating in the
identification is one of the greatest challenges in chemical relevant context of human cells at physiological conditions
genetic$10-13 that has strained traditional genetics technigidherefore,
With the help of molecular biology techniques, reverse chemical genetics fills a major gap in genetic studies where
genetics (RG) was a later development in genetics andno, or suboptimal, model systems ex{stAdditionally,
operates “from cause to effect” (genotype to phenotypé).  chemical genetics also allows for the possibility of “multiple
Reverse genetics begins with selecting a gene of interestknockouts” by adding multiple specific ligands, a situation
manipulating it to produce an organism harboring the mutated often described as a “nightmare” for a genetiélst.
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Figure 2. Forward chemical genetics: A library of compounds is designed, synthesized, or isolated from natural sources mimicking random
genetic mutation. The compounds are screened in high-throughput in vivo assays. A desired phenotypic change is then sought, and the
compound responsible is considered a “hit” and selected out of the library. The molecule is then typically used as a “hook” to “fish-out”
the protein of interest. The protein’s function and the gene responsible for it are then studied. Reverse chemical genetics: A purified
protein is selected and screened in vitro against a library of compounds to identify a specific binding ligand. That selected ligand is then
introduced to an in vivo system to determine the protein’s role by monitoring phenotypic changes.

Additionally, classical genetic knockouts, in principle, already existing proteins are degraded, they are particularly
delete the protein entirely from the organidmherefore, it ill-suited to time-sensitive studies, such as signal transduction,
is difficult to determine effects that arise from the deletion that occur on the milliseconds to hours time scéle.
separately from those that arise from merely a particular Chemical genetics and classical genetics are techiniques
function of the proteir® It is always possible that one protein that compliment each other wél.One of the greatest
may have multiple functions, and chemical genetics can advantages of classical genetics is the incredible specificity
potentially isolate and dissect particular functions of that of a gene knockout. While some chemical ligands can be
protein while leaving others intaét Additionally, if a gene very specific switches with specificity approaching that of a
is essential for survival or development, a total knockout, gene knockout?3?the low specificity of other ligands often
such as in classical genetics, may abolish the chance to studyive “off-target” effects in which the probe may interact with
the later stage function of that gene since the deletion mayproteins other than the protein(s) targeted. This makes
be lethal® Chemical genetics allows the use of sublethal defining specific protein functions very difficult since these
doses of the ligand and avoids full lethality, thus providing off-target effects may lead to toxicity or false or unwanted
a partial knockout phenotyF&. positive/negative biological results. Not only often lacking

Another advantage of chemical genetics is real-time in specificity, chemical genetics cannot yet match the
control. Chemical genetics allows for this by rapidly generality of genetics. Geneticists can, in theory, “knockout”
introducing a cell-permeable ligand at any stage that may any gene as long as the genome sequencing is done in the
yield the desired phenotype as quickly as diffusion-limited given species, an ability that at this point exists as nothing
kinetics allowst®*4 The chemical perturber/ligand/probe is more than a dream of the chemical genetitisThese
in effect a “switch” that can turn the event under study on situations are the perfect place for the integration of chemical
or off in real time and allows for kinetic in vivo analysis, and classical genetiés.
something not usually possible in classical genétiésVhile Importantly, unlike drug development where specificity
temporal control is available in classical genetic studies is tantamount, in chemical genetics it does not need to be
through conditional alleles, such as temperature-sensitivecompletely specific, so long as it gives an identifiable
mutations, these alleles often have unwanted broad sidephenotype that allows for the deciphering of the target
effects that may interfere with the desired redtiintisense protein’s function and its side effect are relatively small.
oligonucleotide and RNA interference (RNAI) are other Whereas one may desire compounds with affinity in the
popular alternatives for conditional knockoldt®-2°that work (sub)nanomolar range capable of producing the desired effect,
by inhibiting the synthesis of the target protein from mRNA. in reality, compounds of low micromolar affinities are often
However, because their effects are delayed until all of the accepted as good to reasonable candidates in chemical
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geneticst! Despite this, and with an understanding of the 2.1. Natural Products

necessary medicinal chemistry follow-up modifications and . .

studies required, chemical genetics still has the advantage Nature does not lack for time, and over time many
of immediately offering a potential drug lead, rather than powerfglly bioactive compounds have evolved. For example_,
simply a target gene or protein, as in classical gen&ties? colchicine has been used as a_drug for over 2000 years. Itis
Interestingly, a lead compound developed in drug discovery generally accepted that collections of natural products have
that may not possess pharmacokinetic properties suitable for® Nigher probability ofgehvenng hits than a typical synthetic

a therapeutic purpose may still be used as a probe in chemicaf®Mbinatorial library: ,

genetics studie¥.In fact, the lower pharmacokinetic property ~ Natural products are obtained from sources such as plants,
requirements for chemical genetics probes compared to drugss©il. and marine spongésMost difficult in this natural
allows for the use of a greater variety of functional groups Product discovery is isolating any active components out of
and a maximization of the chemical space in library the whole mixture extract. The typical and time-consuming
constituents* isolation route is known as bioassay-guided purificafiéif*

This review provides a survey of contemporary research Purification m_volves iterative processes where compounds
in chemical genetics with a special emphasis on the undergo multiple rouan of extraction and chromapography
techniques and methods in use. Studies where small mol-guided by the screening results of the successive crude
ecules, in concert with genomic techniques, are used to studyeXtracts. These studies are hampered by overlooking poten-
genome-wide effects (chemical genomics) or work highly _tlz_illy highly active Iow-abund_ance compounds, the cytotox-
focused on pharmaceutical development through the integra-iCity of one component masking the desired effect of another
tion of chemistry, genomics, target family design, and chemo/ €Omponent, and bioactivity resulting from complicated
bio-informatics (chemogenomics) will not be thoroughly Synergistic effect85364In addition, determining the structure

covered in this review, except where aspects of the work of the compound is another laborious and challenging task.
are relevant to or integrate chemical genetite?? 3552 Over the past decade and a half, these drawbacks led to a

retreat from natural products by the majority of the major
; pharmaceutical companies, but the disappointment in the

2. Chemical Toolboxes number of drugs arising from combinatorial chemistry and
Chemical genetics is dependent on the integration of the continued benefits and development of natural products
technigues spanning many disciplines including combina- (see mevinolin and cyclosporine) are luring many back to
torial chemistry and high-throughput screening (HTS). Col- them®4-¢ Currently, major pharmaceutical companies are
lections of compounds, so-called libraries, are the absolutere-embracing natural products and natural product libraries.
starting point for any chemical genetics study or discussion. Natural products need not have their use restricted to
Here, highlights of chemical tools relevant to chemical therapeutics; they can also be of great value to chemical
genetics will be discussed, while leaving out the full details genetics studies. Extremely exciting is the integration of
of library generation itself, which has already been the subject traditional natural products and their scaffolds with modern

of many review$3-6! combinatorial and HTS toof8:6°7°Perhaps success will lie
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Figure 3. Representative natural products used in chemical genetics studies.
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Figure 4. Representative natural-product-like compound structures.

in a balance of the old and the new. Some representativethe difficulties of synthesizing natural products, along with
natural products used in chemical genetics studies are listedhe challenge of synthesizing these complex structures on

in Figure 3.

2.2. Natural-Product-Like Compounds

the solid phas&?71A great deal of work has been produced,
and detailed studies of scaffold design and natural-product-
like libraries are well documented in the literatGpe? 8081

Figure 4 provides some representative structures of members

Natural-product-like libraries offer a highly desirable of natural-product-like librarie®:72.6283

middle ground between those who seek powerfully bioactive
compounds from natural libraries and those who seek the . . . .
ease of synthesis found in libraries composed of small 2.3. Diversity Oriented Synthesis

organic molecules. Natural products are typically chiraland  After the combinatorial boom of the 1990s, a well-
extremely complex and contain many stereogenic centers.documented disappointment in the number of quality leads
These structures are often highly potent and serve ashas set irf> The compounds coming out of early combina-
attractive leads for drug developméntatural products can  torial libraries simply did not perform up to the designer’s
be considered privileged structures in a biological context expectations. Guidelines such as Lipinski’s rules are helpful
and an excellent starting point for library design with a high for generating more drug-like small molecules, but it has
probability for biological activity??7?In Waldmann's terms,  been argued that compounds from solid phase organic
natural products, based on their evolutionary selection, servesynthesis may not be chemically diverse enough to generate
as “biologically validated” starting points for library desi¢h.  the desired selectivity and poterféy>For example, a library
These compounds often contain sets of related and homolo-of thousands or millions of compounds from a traditional
gous pharmacophoric groups throughout families of natural combinatorial library may populate only a small area of
compoundsg? Natural-product-like libraries are those col- chemical spac&8+86

lections of compounds whose structures are based on or share Diversity oriented synthesis (DOS) is a new term for a
high structural homology with natural produéfsThese method of library construction in chemical genetics. It is also
libraries may be designed to generate derivatives of a naturalattracting attention in drug discovery for its great potential

product scaffold, as Nicolau et al. did in their diverse
synthesis of benzopyran derivatiVeg’ or as Schreiber et
al. did in their modification of a natural product scaffold,
(—)-shikimic acid, to a highly diversified tetracyclic template/
scaffold®7® In addition, some have sought to generate
natural-product-like libraries not to improve on known
activity but to expand a molecule’s functionality into a
previously unknown areas of biological spdééhe syn-

in generating valuable lead discoverféidvocates of the
DOS approach point to the archetypal case of a flat aromatic
or heterocyclic core dotted with various diverse appendages
that has largely failed to deliver the promised drugs. In
addition, the very basis of a structuractivity relationship
(SAR) study is the intuitive notion that structurally similar
compounds yield biologically similar profiles. Therefore,
combinatorial libraries of little structural diversity will occupy

thesis of natural-product-like libraries encounters many of a narrow window of biological space, thus limiting their
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broad applicability. The compounds generated from tradi-
tional combinatorial chemistry, with their absence of multiple

if any stereocenters and their limited functional group variety, ©
do not occupy the chemical space requitét’+8

The discrepancy between the success of natural productsﬁﬂ
especially in terms of selectivity and potency, and the as =~
yet disappointing rate of lead generation from traditional 0"
combinatorial libraries has forced the question of whether Figure 5. Two million compounds synthesized from 30 alkynes,
natural products occupy regions of chemical space evolu-62 amines, and 62 carboxylic acids. The first structure includes
tionarily fine-tuned to be the most potent and active three resin spacers, both enantiomers, @tito-, meta, andpara-
compoundg€8 Thus, one of the stated goals of DOS is to '0do benzyls.
create extremely diverse libraries populating the maximum b)
amount of chemical space to explore the greatest amount of _ReagentX_ 7] <j>
biological space.

DOS is a modern development but has evolved from Reagent Y Q
traditional solid-phase synthesis and particularly draws upon/~7 ——— @5
the split-pool/one-beatbne-compound approaéhSchreiber

et al. have done significant work in developing DOS and Reagent Z Q A&
optimizing methodologies to shuttle these compounds sys-

tematically through the various phases of chemical geneticsFigure 6. Skeletal diversity pathways: (a) differentiating processes,
studies®! |t draws its name from its contrast to the and (b)folding processes.

traditionally used approach of target oriented synthesis ) )

(TOS). Beginning with a known target (often a natural Schrelbgr et al. have sought to generallze the DO_S method
product), TOS uses retrosynthetic analysis to work backwardand describe two ways to diversify the scaffold (Figure 6).
from a complicated product to simple and available starting The first process, differentiation, uses different reagents to

materials. The goal of TOS is to get to a precise region of generate different scaffolds. The second process takes
chemical spacea solo target or a few closely related @advantage of so-calledlelements. Schreiber describes these

derivatives. o elements as pre-encoding skeletal information into a

Retrosynthetic analysis is not applicable to DOS since no collection of products having distinct molecular skeletons
target structure is available and thus the library cannot be YSing common reaction conditions. These are called “folding
targeted. Therefore, new thinking and planning strategies areProcesses due to their likeness to protein folding, in that
required, and the idea of forward synthetic analysis has been@Pundant structural information is encoded by primary amino
proposed that moves in the direction of simple to complex, acid sequences that produce 3-D macromolecules in common
or reactants to products, in contrast to TOS. DOS strategiesfolding buffers®® Figure 7 illustrates how a branching
focus on maximizing diversity by utilizing branched and differentiation pathway in DOS give rise to skeletal diversity
divergent pathways where the products of one reaction arethrough consecutive DietsAlders reactions. Figure 8 il-
common substrates for the next and where any follow-up lustrates the concept of elements.
chemistry must be efficient and systemati€2DOS's ability
to generate nature-mimicking diversity from simple building
blocks is one of its most desirable featufésStructural ?

0

H
=N

common
reagents

diversity is obtained by varying the building blocks and

functional groups, diverse stereochemistry, and last and most

interestingly, diversity generated in the compounds chemical

skeletons/scaffold from a common framework. Molecules

that occupy a greater degree of 3-D space or those that are

more globular/spherical are a popular goal of DOS, as o\ —
opposed to the relatively flat or circular molecules tradition- 0 >~
ally used in combinatorial chemist®#.DOS places a huge OMe

strain on synthetic planners since their proposed chemistry

; . ) 0
must be general, applicable, and compatible with all the Ph gn—
various functional groups present in the library at any tite. HO,Q“H
Ph
0 o]

o]

Ph

T o

O
Therefore, the reaction or process is the key to forward
synthetic planning, since common reactivities are essential e

among library intermediates. Figure 7. Representative example of differentiation DOS pathways

Early DOS strategies used a one-synthesis/one-skeletor}$2ding to skeletal diversity.
approach. This involved attaching numerous appendages to
the molecular framework. The powerful effect of diverse =~ Wong and co-workers have also exploited DOS libraries
stereochemisty on biological activity is well-known and has incorporating interesting scaffolds such as iminocyclitols to
been a major focus in DOS. This was key to the design of identify selectivea-fucosidase inhibitors anél-acetylf-
some highly diverse and populated libraries (Figur®3he hexosaminidase inhibitors targeting osteoarth?it®§.DOS
most promising and intriguing approach, however, is the combined with in situ microtiter plate screening has also
ability to produce skeletal diversity from one common provided sulfotransferase and HIV protease inhibfor8!
scaffold?28Within this concept, the predominant goal is to Numerous research reports and reviews of DOS libraries have
achieve structural diversity combinatoriaff§/?® been published? 80.87-90.92-96,102-113
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2.4. Tagged Libraries - A @)
Tagged libraries represent unique opportunities in library — O
designt'# In this approach, libraries may be synthesized by . NEGH PNA
any means and designed around any type of scaffold but E/\H/\}

must contain some functional tags integrated into the library.
These tags are incorporated into the library compounds from

the beginning, and they bestow some additional function into PNA monomer conjugated L'}E'f;ﬂtfa‘r‘gg
the molecules. The most common example of a tag is a Tediversesmallmolecas: '
fluorophore, but many more variations exist that allow the D
compounds to have functions extending beyond their bio- v
logical activity that may aid in areas such as target identifica- T
tion or ligand assembly. /@
Peptide nucleic acids (PNA), developed by Buchardt et
al., are oligonucleotide-like molecules that have their DNA P Filter out non-
backbone removed and replaced with an achiral polyamide N pingers by,
A size exclusion
T E v chromatography

backbone that can hybridize with DNA through strand
displacemenit® PNA tags have been used in the development
of tagged libraries that allow for the spatially addressable ' _:
localization and identification of probes on an oligonucleotide PNA
microarray surface (Figure 9). The PNA tag encodes the Figure 9. PNA tagged libraries.
synthetic history of the probe molecule and also hybridizes
with a complimentary cDNA strand on the microarray surface PNA-encoded cysteine protease inhibitor library. These
to specifically identify the small molecule based on its workers utilized an alternative solid-phase PNA synthesis
location on the array. In early work, Schultz et al. combined based on azididopeptide nucleic acids where the azide is a
PNA tagged libraries with microarray technolog§.*In mask for the amino group®2°Harris et al. have signifi-
one study, cathepsin inhibitors were identified by screening cantly expanded the use of PNA-encoded microarrays in
libraries in complex mixtures with the target protein before profiling proteases with rhodamine-based fluorogenic sub-
hybridization to the array. This spatially addressable PNA strates through their recent demonstration of a system that
array also found use in the activity based profiling of allows for the screening of samples that range from single
proteases with the detection of caspase activation uponproteases to complex clinical blood sampisThis method
apoptosis induction. The characterization of the activated utilized fluorogenic protease substrates linked to PNA. Using
caspase and the inhibition of the caspase that executed thehese latent fluorophores instead of substrates linking FRET
apoptotic phenotype were possible through this technology. fluorophores was advantageous since only proteolysis at the
Winssinger et al. have continued work in this area by residue adjacent to the fluorophore gives a signal, and
screening a 4000 member PNA library targeted to cysteine proteolysis of that bond changes the electronic properties of
proteases against dust mite allergen extracts and identifiedthe fluorophore significantly enough to give rise to a large
Der pl as a target implicated in dust mite allerdi®s. increase in fluorescence, thus aiding detection.
Winssinger et al. have also expanded upon the methods to Click chemistry offers unique tags that can be used to
produce PNA libraries through their detailed synthesis of a generate library members through strategies such as target
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Acetylcholinesterase directs/selects phase synthesis, but one of its most exciting applications
the best fitting library fragments. for chemical genetics is in situ screening and_target gmdgd
assembly (a more detailed discussion appears in the following
section)t?#"1?7|n a classic application, Sharpless et al. used
target guided selection to identify an inhibitor of acetyl-
” cholinesterase, a key enzyme implicated in Alzheimer’s
B o diseasé?® Building blocks bearing azide or acetylene
\ / functional groups were screened against acetylcholinesterase

where the enzyme’s active site guides the formation of the
' }C dimeric ligand. The inhibitor formed rapidly, in high yield,
and stereoselectively and was shown to be of high affinity.
Kolb et al. have continued the work and optimized the
conditions, in particular the mass spectroscopic analysis,
y expanded the throughput of screening, and identified three
N new highly potent acetylcholinesterase inhibit&iolb et
Azides and 2 al. have also used this method in the screening of inhibitors
for carbonic anhydrase Il and identified a number nanomolar
binders for this therapeutically important targ#t.

Click chemistry based tags have also been incorporated

acetylenes
covalently bind

re_adlly ina13 ﬁ in studies of activity based protein profiling (ABPP) by
dipolar Cravatt et al. (Figure 111 ABPP is a chemical proteomic
cycloaddition method that uses probes to monitor and visualize changes
reaction, so-called in protein functions or levels in the cell, especially changes
that occur on a post-translational level. In a traditional ABPP

guCk ; study, the probes carry a tag or reporter, such as biotin or
emistry. ﬁ fluorescence, whose size and physical properties may
adversely affect probetarget interaction, cellular uptake, and

probe distribution. In the click chemistry based approach,
the probe is functionalized with a tag bearing a simple azide

The novel “best-fit”

fragment is released moiety, which presents much less of a disturbance in the
from the enzymes and system. After screening and binding to the protein target,
purified. an acetylene bearing reporter is introduced where it is

covalently attached to the prob&arget complex for visu-
alization. Cravatt et al. used this approach in detecting labeled

guided ligand assembly (Figure 10). Sharpless developedProteins and, in preliminary experiments, showed that they
click chemistry as a rapid reaction that proceeds in a short could target glutathion&transferases (GST) both in vitro
amount of time through “spring loaded” highly endothermic, &nd in vivo in whole proteomes? The group has further
irreversible reactions to form carbehetero bonds, one of ~ €xpanded and optimized this approach, especially to control
the most common of which is a [2 3] Huisgen 1,3-dipolar  the high background reaction rate. This study reported the
cycloaddition between an azide and an alkyne moiety, OPtimal conditions for click chemistry based APBB with
described as an energetically “near-perfect” reactidi3 respect to speed, bioorthogonality, and sensitivity. Screening
Click chemistry’s main advantage is the swift and clean Of homogenized breast cancer cells identified several en-
nature of these reactions that can greatly assist library Zymes that could be labeled by activity-based probes in situ
synthesis and lead discovery. Sharpless and Kolb havethat were not previously identified in vitrg?
written an excellent review on click chemistry and its effect =~ ABPP probes label the active sites of their enzyme targets,
on drug discovery? and an extension of ABPP relevant to chemical genetics
Azide—alkyne cycloaddition has been used to generate would be the use of this technology to identify inhibi-
enzyme inhibitors and has been employed as a tool in solid-tors31134This method is advantageous because (1) it screens

Figure 10. Target-guided ligand assembly using click chemistry.

Large size of tag may physically

(a) ; | '! / interfere unfavorably with binding

g o @_NBE @—ék

Figure 11. (a) Traditional ABPP approach and (b) click chemistry ABPP approach.
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the enzymes in the native proteomes, (2) unknown enzyme experiment, these libraries were screened with bovine serum
inhibitor pairs can be identified analogously to substrate albumin and carbonic anhydrase, and nanomolar binders were
screening, and (3) this technique screens many enzymes indentified 38

parallel and allows for the potency and selectivety of these Chang et al. have explored the tagged library concept by
compounds to be concurrently evaluatédFor example, synthesizing libraries of compounds that all contain intrinsic
Bogyo and co-workers screened irreversible enzyme inhibi- linker tags!'* These linker tags contain a functional group
tors that were preincubated with enzymes or proteomes andthat can be easily modified to adapt the molecule to a variety
treated with ABPP probes to identify inhibitor-inactivated of experimental requirements, but the primary purpose of
enzymes3® Here, they selected covalent bond forming this funcitonal group is target protein identification. They
inhibitors of thePlasmodium falciparuntysteine protease have developed triazine libraries containing an oligo(ethylene
falcipan 1 and used them to demonstrate a role of this enzymeglycol)-based linker with a terminal primary amine. The
in parasite invasion of erythrocytes, thus establishing a newamino end of the linker was used to immobilize the hit
target for antimalarial therapeutics (Figure 13135 Ad- compounds on the solid phase, for example, agarose or

o microarrays surfaces, to provide affinity matrices. Their
\©\_ H
e 0
Y\ DN
O H

tagged strategy is applicable to any type of library scaffold
o and allows for rapid transfer from biological screening to
: H
o} N N
NH
’ g { OFt
N
H
Figure 12. Specific falcipan-1 inhibitor.

target identification without the need for the time-consuming
SAR study and modification of the hit compound. In their
initial report, they tested these linker tagged compounds in
zebrafish embryos screening and identified a hit compound,
encephalazine, which suppresses eye/brain develogiient.
Encephalazine was then easily immobilized on agarose beads
for pull-down affinity matrix studies without the need for a
ditionally, Bogyo and co-workers have used chemically cumbersome SAR study. They identified four ribosomal
reactive fluorescent probes to profile and identify enzymes subunit proteins (S5, S13, S18, L28) that are implicated in
in complex mixtures and used a fluorescently tagged com- brain/eye development by functional genetic knockout. These
pound that was directed toward the papain family of proteasesresults corroborated phenotypic screens by encephalazine
to identify selective inhibitors of individual cathepsin pro- (Figure 14)!3°
teases in a competition assay with small molecule inhibi-
tors136.137 These studies showed the possibility of using
ABPP in lead discovery and drug development.

Encoded self-assembling chemical libraries offer an at-
tractive tagged library method for active probe development
(Figure 13)13® Melkko et al. designed these libraries to

Linker tag

5
B!
»

Figure 14. Encephalazine.

In a reverse chemical genetics application, a similar tagged
library was immobilized on an activated glass surface by
covalent bond formation. This small molecule microarray
was screened with fluorescently tagged human immuno-
globulin G (IgG). A number of hit compounds were identi-
fied, and their binding was confirmed and quantified by
surface plasmon resonance (SPR) with the best havitg a
value of 2uM. These compounds may have future applica-
tions in the isolation and purification of IgG (Figure 1%9.

Figure 13. Encoded self-assembling chemical libraries.

identify molecules of high binding affinity. Their studies

originated from the belief that the probability for potent
ligand identification increases with larger libraries. Their
libraries are based on oligonucleotide derivatives (oligo-

nucleotides bearing various small molecule pharmacophores)

that are capable of combinatorial self-assembly in the form

of dimers and trimers. These libraries can also be enriched

through affinity maturation for binders on an immobilized

X

NH H

N)§N Q/\[(NV\O/\/OV\NH2
|
HN)\N/)\H ©

of

target antigen. It is important to note that these libraries are Figure 15. Example of an IgG binder.

not dynamic, in that they are stable, and the library members

can exist at very low concentrations. DNA tags (six nucleo-  Chang et al. have also used the tagged library strategy in
tide identification code) encode each molecule. Any com- the development of intrinsically fluorescent compound librar-
plexes that form can, after identification, enrichment, and ies. In many contexts, the addition of an exogeneous reporter
decoding (by PCR, polymerase chain reaction), have theiror tag can alter the effect or cellular distribution of the
DNA tag replaced with a linker for covalent attachment of original molecule. Tagging the molecule intrinsically avoids
any of the identified pharmacophores. In a proof of concept this problem. In their strategy, the probes being studied are
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2.5. Target Guided Ligand Assembly

Many successful combinatorial libraries are designed from
S structural or mechanistic information about the target.
I » Z However, in some cases, little information is known about
the target. This difficulty is only compounded when no leads
N exist for a target that may serve as a starting point for library
Ol design. One interesting strategy to overcome this difficulty
OB is the use of target guided ligand assembly (TGLA). TGLA
OBn starts with no requirements of target or lead information and
~ follows four steps: (1) a collection of aqueous soluble
DNA sensor Mitochondrila localizing dye binding elements must be assembled that all possess a
functionally reactive group capable of linking the elements
CN together; (2) the binding elements are screened, and even
NHs | weakly binding elements are identified; (3) a combinatorial
_N \ N library is created by linking together any identified binding
O LA O I elements with various length linkers; (4) this combinatorial
7
=

N

CN library is then screened against the target (Figure'¥7).

Ellman et al. used the strategy to identify subtype-selective
Amyloid binding dye inhibitors of the tyrosine kinase c-Src. Finding selective
Figure 16. Example of styryl dye compounds. inhibitors among kinase families poses a formidable chal-
lenge. The potential binding elements were selected, and all
all intrinsically fluorescent through their styryl scaffold, and contained anO-methyl oxime as the linkage group from
no additional tagging is required to visualize cellular which a linkage can be prepared by the condensation of
localization or for sensing applications. They have used O-methylhydroxylamine with any aldehyde. The monomers
solution-phase approaches in developing cell-permeablewere screened with a protein tyrosine kinase enzyme-linked
DNA-sensitive dyed?! in addition to developing a combi-  immunosorbent assay (ELISA), and all possible binders were
natorial approach that produced a number of active probesidentified. These were then combinatorially linked with a
that target and localize to various cellular organelles with a variety of linkers. A second round of screening identified a
wide variety of wavelengths (Figure 18% They have potent inhibitor with an 16 of 64 nM and possessing 75-
developed a solid-phase approach to styryl dyes and usedold selectivity over a series of highly homologous kinases
these to develop novel amyloid sensors, which are potentially (Figure 18). Not only revealing an inhibitor, the study also

valuable in Alzheimer’'s Disease (AD) reseaiéh. provided SAR data that may aid in understanding the
Library of ligands X ‘ X
with a common ‘ O O ‘ O
reactive functional A
group.

l Screen for binders

@ ‘ O ”

oy calh a0 en
Prepare combinations of linked binding
elements

X YTETIL I TET:
Smoadddl &5 5o
Rescreen and identify best

binding
ligand combinations.

Figure 17. Target-guided ligand assembly.
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goal is to maximize diversity in chemical space, generates
libraries that are static pools of discrete molecudfésVhile
the use of compound mixtures fell out of favor in combi-

/
Q
Va o oo )
N A - . . .
z N N Q N natorial chemistry, they found renewed use in supramolecular
O + — chemistry in the form of dynamic combinatorial chemistry
N oH O (DCL). The dynamism of DCLs results from the reversible
O OH OH interchangeability possible with their components (Figure
OH

19). In these systems, every member of the library and the
Figure 18. Assembly of a potent inhibitor from previously

identified fragments, c-Src inhibitor with lig= 64 nM. ‘ @ i
selectivity and affinity among kinasé&! This strategy was 0-A®- ] n
similarly employed by Bertozzi et al. where they identified o-A® @ ‘
the first two active inhibitors (I = 30 and 40uM) for E]—‘—[I

L &
"

L »

tyrosylprotein sulfotransferase 2 (TPST3. -
ynamic Re

A similar approach was presented by Wells et al. and was . ) ik e ceptor
termed “sitep—)girected Iingnd discoveyry‘ﬁ. Site-directed Hbra genmm% fbrary components \
ligand discovery is closely related to what is termed
“fragment-based lead discovery and assembly”. Both of these @ > (Aetso
approaches are HTS-based and seek to identify binding ] [j <. -
fragments for targets, and the fragments are linked or (Aomil Receptor
assembled at a later stage to give a potent compound. |rHbrary components T
general, a target protein contains or is engineered to contain Selection of best hinder
reactive functional groups “X”, and the protein is screened Figure 19. Dynamic combinatorial libraries.
with a collection of fragments (or small molecules) that all .
possess a reactive functional group “Y”, complimentarily targets themselves affect all other members of the library,
reactive with X. Should the fragment bearing Y bind in the Particularly in terms of library compositiof¥? Any stabiliza-
vicinity of the protein’s X group, the two can react to form tion of one member will result in an equilibrium shift and
a covalent bond and be analyzed by a method such as mastermodynamic redistribution, by LeChatelier’s principle, of
spectrometry. The approach allows for the identification of the library mixture favoring the best bindéf:*>*Advanta-
low-affinity ligands, as well as providing for the ability to ~ geously, library construction and screening can be combined
identify the fragment's binding locatior? The first report ~ in one step, since amplification of the best binder can be
of this technology by Wells et al. involved the process of analytically detected>***So in reality, the use of DCLs is
“tethering”. This method employed X as a free thiol and Y @s much an application of HTS as library development.
as a disulfide. Thiol exchange is well suited for site-directed Whereas traditional combinatorial libraries rely on their sheer
ligand discovery since it occurs under mild conditions and numbers, DCL libraries offer an alternative approach through
is highly chemoselective. In the initial report, nanomolar Self-replication and amplificatiof® .
inhibitors of the enzyme thymidylate synthase were as- The use of dynamlc_ comblnatqual Ilbrar_les requires three
sembled from primary screening of a disulfide library Steps: (1) the collection or design of a library capable of
followed by rounds of optimization and modificatiéff. undergoing reversible constituent interchange, (2) conditions

Raimundo et al. presented an excellent demonstration of Whereby the library may U”O!,ergo interconversion, and (3) a
the use of the tethering strategy involving the discovery of SteP tha_t_sel_ectfszthe fittest” binder and possibly involves
the first high-affinity ligand for a cytokine target, interleu- 1tS amplification:>* When a template or ligand is used to
kin-2 (IL-2), and demonstrated that proteiprotein interac- ~ @MPplify the concentration of a member of the library, so-
tions are potential small molecule targ&As an additional ~ called “survival of the fittest’, the Darwinian implications
example of this technology, a second generation method off this often lead it to being referred to as *molecular

tethering, termed “tethering with extenders”, was presented evolution”. In a molecular evolution system, the fittest binder
by O’Brién and co-workers. Here the protéin is modified 1S amplified with each successive round of screening, whereas

with an extender, a small ligand that contains a reactive the poor binders’ concentra_tion will ei_ther be unaffected or
functionality and a (usually protected) thiol. After the reactive decreaséx****’Though widely applied for many other
functionality binds to the protein, the thiol is deprotected PurPoses, DCLs have also been used to identify protein
and used for tethering to identify a ligand that binds nearby. 192nds, which makes them a promsing tool for library
This method expands the technology from site-directed ligand 9€velopment in chemical genetits. _
discovery to discovery plus ligand assemBRThis approach An example of a DCL in drug discovery was provided by
has been used by O'Brien and co-workers to discover potent-€hn et al. who screened an in-house patrimonial collection
low micromolar inhibitors of the pro-apoptotic cysteine ©f 1440 compounds and identified an inhibitor of HPr kinase
protease caspase“3 Excellent reviews of tethering and site-  (HPTK/P):#* HPIK/P is implicated in the bacterial carbon
directed ligand discovery and fragment-based lead assembv:atabohte_ repression pathway. HPrK/P-deficient bacteria
and their application to drug discovery are available for more Show serious growth defects and thus make HPRK/P

in-depth discussions on this topit:150 inhibitors desirable antibiotic targets. Using the original lead
as a guide, they set forth assembling headgroups that
2.6. Dynamic Combinatorial Libraries resemble the lead compound in combination with a variety

of linker lengths. From 21 components, it was possible to
Traditional combinatorial libraries are synthesized prima- assemble a DCL of 800 unique constituents. A radioactive
rily by parallel or split-pool techniquest Even DOS, whose  phosphorylation assay was employed to identify inhibitors.
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Screening revealed that the DCL contained potent inhibitors assigned any relevant combination of 169 biological mech-
and a dynamic deconvolution protocol was used to identify anism descriptors. Their ACL occupied a broader biological
the active member(s). This was done by selectively removing space than two much larger commercial libraries (20 000
a particular building block and judging its effect on inhibi- Comgenex and 29 996 Chembridge) included in the study.
tion. A building block’s importance was judged by the A viability assay showed that 2.5% of the ACL inhibited
magnitude of the decrease in activity upon removal from cell proliferation, whereas only 0.69% of compounds from
the library. After identifying the important building blocks, a commercial library screen showed inhibition, 4 times the
detailed assembly of these different building blocks was number of antitumor agents for the ACL when compared to
undertaken, and the most active compound was identifieda commercial library. Additionally, a greater percentage of
(Figure 20). Though the compound identified from the DCL their ACL library compounds were more selective toward
did not show a significantly improved kgwhen compared  tumor cells over primary cells than the commercial library
to the original lead (17 vs 1@M), it did show that kinase =~ compounds. In screens with A549 lung carcinoma cells, 85
inhibitors can be generated and screened using DCLs tocompounds were identified from a viability assay and, based

provide useful SAR data. on their annotation and the biological literature, they identi-
fied 28 overrepresented mechanisms among their identified
NH compounds. Specifically from these data, they hypothesized

Q\ o~~~ AL that “ionophores” are capable of killing A549 cancer cells.

N N7 Importantly, they demonstrated that ACL's can greatly

N&NH Lead accelerate the identification of the underlying biological
mechanisms in chemical genetic studies.

Uesugi et al. adopted an annotated library approach in the
identification of the histamine H1 receptor as a stimulator
of insulin-induced adipogenesi®. The study of fat cell

’ NH differentiation is of increasing interest due to the worldwide
o \N’N\[(\NJ( rise in obesity, and the pr(_aadipocyte 3T3-L1 ce]l line serves
N N\)L N\/©/\ S N asa model of adipogenesis since th_ey differentiate to mature
Ve NS @ fat cells in the presence of insulin. They screened 880
d HN H annotated compounds of known activity whose mechanisms
Compound identified from DCC hﬁve bdeen ¥ve(|j|-studri]ed in a phenotypic gdipr?gen?]sti)s ads?ay.
. o They identified antihistamine compounds that inhibit dif-
Figure 20. HPTK/P inhibitor identified by DCC. ferentiation followed up by siRNA analysis of the histamine
2.7. Annotated Chemical Libraries H1 receptor knockdown that hindered insulin-induced adipo-
genic differentiation. Though the authors noted the small size

Generally, libraries require careful design followed by and diversity of the library, this study shows the promise of
extensive screening. Truly daunting is the follow-up work the use of annotated librarié®.

to identify a hit compound’s mechanistic mode of action or
target protein. An a]ternative approach to Qesigning and 3. Screening: An Overview
building large collections of compounds of which no known
biological activity information exists is the use of an Once libraries of compounds are assembled, the next step
annotated chemical library (ACL). An ACL is a collection in chemical genetics is testing them for their biological
of compounds of diverse structure from various sources activity, that is, assays or screening. As discussed in section
possessing experimentally bona fide biological activities and 1, one can conduct forward or reverse chemical genetics
mechanisms. An ACL contains compounds with diverse setsscreens. Briefly, FCG begins with a library of compounds,
of biological activity, whereas a typical library would even screens for a response from the assay system, such as a cell
in a best case scenario be composed of just a fraction of amorphology change, and goes on to identify the specific
percent of active compounds. One need not synthesize everprotein that was targeted (small molecules and their target
a single compound to generate an ACL; one merely needsproteins identified in forward chemical genetic screening are
to identify, collect, and annotate. ACLs operate by assigning summarized in Table 1), whereas RCG begins with a known
previously reported biological activity to each compound protein target and screens for a specific compound that alters
without any required regard for the pathway or phenotype the protein’s function. Within this review, this overarching
under study®* A popular example of an ACL is the National difference in approach served as a guide to the placement
Cancer Institute’s screening panel. Annotated libraries are of a certain piece of work. Assays must be designed with
particularly desirable in the nascent field of chemogenomics maximum sensitivity, selectivity, reproducibility, and cost-
where they assist in chemoinformatics-based similarity effectiveness in minéf” Given the size of today’s libraries,
searches® Annotated reference sets have also found use in the option of doing anything other than HTS is something
identifying ligands in in silico screenin. less than desirable. Screening technologies have progressed
Stockwell et al. used an ACL in a chemical genetics in miniaturization from high-throughput (384 well plates)
application in which they focused on employing their ACL to ultra-high-throughput (3456 well plates) screening (u-
in a study of biological mechanisms implicated in tumor cell HTS), and their limits have not yet been reached. Marron
viability.1®* They sought the rapid elucidation of targets and and Jayawickreme have provided an informative review on
mechanisms by screening and identifying a subset of the increased use of “well-less” lawn format screenings that
inhibitors of tumor proliferation followed by determination have replaced well-based microtiter plates with agarose
of the statistically enriched biological mechanisms among “lawns”. These can potentially move beyond the level of
the identified subset relative to the whole collection. Their u-HTS% Abbott laboratories has developed a particularly
ACL was comprised of 2036 compounds, and these wererobust screening platform calledARCS (microarrayed
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Table 1. Small Molecules and Their Target Proteins Identified in Forward Chemical Genetic Screening

Walsh and Chang

small molecule

activity

target protein

section and refs

encephalazine

inhibition of brain/eye
development in

ribosomal subunit
proteins

2. 4139

zebrafish (S5, S13, S18, L28)

SMIRs inhibition of Teplp (PTEN) and 4,118
rapamycin activity Ybr077cp

splitomicin yeast growth inbition Sir2p (HDAC) 43

SFK1 suppression of FK506 activity Porlp (VDAC) %1

SFK2,3,4 suppression of FK506 activity Ald6p (aldehyde 41188

dehydrogenase)

sirtinol auxin signal increase sirtuin 489190

brassinazole BR biosynthesis DWF4 42191
inhibition in plant (cytochrome P450)

PTK787/ZK222584 block blood vessel formation VEGFR inhibitor 123

tubulyzine A, B, C slow epiboly tubulin 4.3%
development in
zebrafish

MP576 SARS-CoV SARS-CoV 4.6.1%4
inhibition protease

HE602 SARS-CoV SARS-CoV 4.6.1%4
inhibition helicase

myoseverin myotube disassembly tubulin 4162396

MP C11 pigmenting albino melanocyte mitochondrial F1FO-ATPase 6.1

melanogenin pigmenting melanocyte prohibitin 481

syntab A mitosis perturbation tubulin 4.6%2

tubacin inhhibition of HDAC6 4.6.200
o-tubulin acetylation

monastrol block mitosis entering mitotic kinesin Eg5 4262

ICG-001 down regulation CAMP response element 4.6.3%
of p-catenin binding protein

TWS119 neuronal differentiation GSK33 4.6.3%

PNRI-299 AP-1 inhibition REF-1 4.6%%

Hh-Ag 1.1 inhibition of Smo Smo 4.62%

MOL-294 NF+B inhibition thioredoxin 4.6.22

wiskostatin inhibition of N-WASP 4,806,207
actin assembly

aminopurvalanol cell cycle arrest at G2/M CDK1 (cyclin-dependent 4.808

kinase 1)

diminutol inhibition of mitotic NQOL1 (quinine 4,80
spindle assembly oxidoreductase)

ubistatin A, B inhibition of mitotic entry ubiquitin 4780

compound screenind§?® This gel-based technology embeds which leads should be brought through the drug development
the arrays in agarose with one of the advantages being theprocess.’6.177
ability to store compound libraries in a dry, inert environment A key improvement, and an area of fundamental impor-
in a ready to screen form&t>*" tance, is the use and expansion of model systems in chemical
However, though screening methods have matched thegenetics. As a model, cellular phenotypic studies comprise
enormity of many libraries, the screens must be reliable anda large component of chemical genetics, but new systems
reproducible, and the data must also be manageable. Not onlygontinue to be developed. Instead of mammalian cells, the
have the number of assays increased, but assays hav@latelet has been developed as a promising model system,
increased in the dimensionality of the data produced, so- particularly in phenotypic studi¢dThe platelet is amenable
called “high-content screening®’ Therefore, a significant  to small molecule based chemical genetics screens since its
challenge in HTS, and especially in u-HTS, is the develop- anucleate nature makes genetic manipulation difficult. In
ment of tools that allow for data management and analysis addition, they are readily available and show dynamic
in chemical genetic¥2 For example, Stockwell et al. have responses in biological assays.
made a freely available software tool termed the small A number of reviews have been written on screening (HTS
laboratory information management system (SLIMS). SLIMS and u-HTS) in drug development and chemical genetics with
aids users in data collection and analysis, as well as relevantsome having emphasis on its role in acadetffia’®18
literature retrieval for aid in determining an active com- Clemons has written a review that focuses on complex
pound’s mechanism of actidf® They have also made freely  phenotypic screening in HTS, and Murchison et al. contrib-
available the VisTa program that relies on periodogram uted a review on the use of high-throughput phenotypic
analysis to identify and correct for systematic errors in array- screening using cell imaging*¢?However, some forms of
based screening? In addition, Leonetti et al. have also made compound screening require no physical screening at all but
freely available a data processing tool called the ELISA data instead rely on virtual screening based on in silico molecular
manager that aids in the treatment and archiving of small- docking, as Jiang et al. described in their review, or employ
to medium-sized librarie§> Another approach is to limit  virtual targeted libraries for a specific receptét!8* The
the number of screens and reduce the attrition rate of leadscurrent review will highlight novel and interesting uses of
in the drug development process by using chemoinformatic model systems in chemical genetics within the context of
tools to inform library and screening design and in deciding describing the actual work.
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4. Forward Chemical Genetic Screening

4.1. Yeast

As in genetic studies, budding yeas$accharomyces
cerevisiag) is a robust and powerful tool in chemical genetics.
Three significant advantages of yeast as a model organism
in understanding cellular responses to chemical perturbation _
include its ease of growth, high genetic conservation with Figure 22. Structure of sortin 1.
humans, and the size of the collection, up to 6000 genes,
makes its use a very high-throughput scré&im. a demon-
stration of the state of the art of chemical genetics, that is,
the integration of multiple chemical genetic, genetic/genomic,
and proteomic tools, Schreiber et al. identified new compo-
nents of the target of rapamycin (TOR) signaling network
(Figure 21Y1+213 Rapamycin is a promising macrolide

by probing with the HDAC selective inhibitor trichostatin
A (TSA) (Figure 23)'® Their study integrated genetic
transcription analysis using microarrays with chemical
genetic methods to identify genes implicated in modulating
HDAC activity, as well as revealing that different HDACs
play distinct roles in the gene regulation of processes such
as cell cycle progression, amino acid biosynthesis, and

Me carbohydrate transport and utilizati®.
o} o}
NN OH
\’Il Me Me H
Me: OMe Figure 23. Trichostatin A.
. 2 “'OH In yeast, Sir2p has been an active subject of phenotypic

Me OMeMe Me chemical genetic studiég€ 18 Sir2p is a founding member
Figure 21. Structure of rapamycin. of a family of a NAD"-dependent HDACSs, also called the

irtuins, and is involved in transcription silencing from the

immunosuppressant and anticancer drug. TOR is conservecfemmeric’ rDNA, and silent mating-type loci. From a visual
from yeast to humans and regulates cell growth as a responsg o\t inspection screening, Simon et al. identified a com-

to nutrient signals. The group’s phenotypic screening in yeast y,nq; splitomicin, that phenocopiesit2 loss-of-function
sought modifiers of rapamycin-sensitive pathways. Yeast n,iant and inhibited HDAC activity in vitro (Figure 245

treated with rapamycin had their growth and growth-related i resuits also showed that Sir2p is continuously required
phenotypes scored from which hit compounds were identi- o, gjjent.state maintenance in nondividing cells.

fied. This phenotypic screening identified six compounds
(SMIR, small molecule inhibitors of rapamycin) that fully
suppressed rapamycin’s anti-proliferative effect. Full tran- QQ g o
scription profiling followed target identification using pro-
teome chipg!* From these SMIRs, they identified the Figure 24. Splitomicin.
proteins Teplp, a PTEN homolog, and YbrO77cp (Nirlp), a
component of the EGO complex, as target proteins involved Schreiber et al. sought to find sirtuin inhibitors through
in the TOR pathway in terms of phosphatidylinositide high-throughput phenotypic screening in yed$tThey
metabolism and regulatiof® sought compounds that interrupt the silencing pathway at
In an interesting approach, Raikhel et al. used a chemicalthe telomeres by using a cell-based URA3 reporter screen
genetic, or as they termed it “chemical genomic”, approach and 1600 unbiased library compounds. In the presence of
using yeast phenotypic screening to study vacuolar sorting 5-fluoroorotic acid, the Sir2p inhibitor caused the expression
in Arabidopsis®'* Yeast was chosen as a simpler but more of the URA3 gene and cell death. From this library, three
robust model for the more complérabidopsis since the compounds were identified that inhibited Sir2p transcriptional
pathway under study is evolutionarily conserved. They silencing in vivo in yeast. They were also shown to inhibit
screened a 4800 member commercial library to identify human SIRT2 deacetylase activity in vitro. It was further
compounds that alter the delivery of carboxypeptidase Y postulated that these compounds interfere with body axis
(CPY) through the endomembrane into the vacuole. Secretedformation in Arabidopsis.
CPY was detected by antibody staining, and changes in The logical extension of the small molecule as a genetic
vacuolar morphology were visualized by a selective fluo- knockout analogy holds firmly in relation to synthetic
rescent probe. Wild-type yeast secretes no CPY beyond theethality screening. This traditionally genetic approach easily
cell, but the yeast vacuolar protein sortingp$) mutant applies to small molecutegene interaction3t® In a typical
secreted significantly and was used as positive control. chemical synthetic lethality screen, small molecules are tested
Fourteen compounds were identified and termed the “sort- in cells comprised of various genetic mutants. More lethal
ins”, protein sorting inhibitors; the highly potent sortin 1 was combinations, when compared to the wild-type, of a small
also shown to affect carboxypeptidase Y secretion in plants molecule (and its interaction with a target) and a specific
(Figure 22). This study showed that yeast screening, wheremutation, such as a gene deletion, are considered hits, and
vacuole biogenesis is not essential in itself, can still be usedtheir data is interpreted. Friend et al. demonstrated an early
as tool for the study of vacuolar delivery in plants. example in their screening of compounds against 70 isogenic
Schreiber et al. have used genome-wide yeast transcriptionyeast mutants harboring defects in cell cycle repair, check-
profiling in studying histone deacetylase (HDAC) function points, and DNA repair. Their screening of anticancer
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chemotherapeutic agents against mutant strains also allowedunction was linked to ionic balance, and it was suggested
for the generation of drug sensitivity pattefAéFriend et that calcineurin has a role in meditating that signaling
al. followed up more thoroughly on this work in an expanded network. They followed this study up by screening the
yeast panel with a greater number of Food and Drug additional SFKs (SFK24) and linked the SFKs to a specific
Administration (FDA) approved anticancer agents and gener- target pathway, namely, Ald6p, aldehyde dehydrogeise.
ated comprehensive toxicity profiles for these compounds In addition, they showed that this method is suitable for the
that revealed wide differences between the agents scré€ned. dissection of networks by small molecules through their
In a genome-wide screen performed by Tucker and Fields implication of other gene products in the Aldép NADP
using haploid yeast deletion strains, synthetic lethality was dependent pathway (Figure 26).
tested in the presence of four chemicals: hydrogen peroxide,
menadione, ibuprofen, and mefloquitélt was shown that NH H
hydrogen peroxide and menandione induced oxidative stress, PN OTN\
whereas ibuprofen and mefloquine were toxic by unknown N \”/@ o
mechanisms. From their screening, they identified the
sensitivities of 659 deletion strains, including 163 multi- O sFK1 SFK2
chemical sensitive strains, 394 strains specific to hydrogen
peroxide and menadione, 47 strains specific to ibuprofen, OT
and 55 strains specific to mefloquine. Similarly, Zheng and \e ol ~—N O\ﬂ/ ~
co-workers studied the function of the target of rapamycin “N\ \©/
protein (TOR) by screening 2216 haploid yeast deletion
mutants for sensitivity in the presence of rapamyéiTheir SFK3
results identified 106 mutants with rapamycin sensitivity, and Figure 26. Structure of SFK compounds.
the majority of the resistant or hypersensitive genes were of . o o
known function and clustered into discrete groups. This Boone etal. used a yeast genome deletion set in identifying
analysis provided for a global view of TOR function and targets and pathways of well-known inhibitors in a study
afforded valuable information for future mechanistic studies. thatincorporated genetic and chemical genetic ¢éteheir
FK506 (Figure 25) is an immunosuppressant drug, and Proof of principle study incorporated the following steps:

one of its target proteins is FK506 binding protein 12 Q) they scrger}e_d the deletion set for hypersensitivity toyvard
12 diverse inhibitory compounds and generated chemical

MeO Me genetic interaction profiles, (2) they identified genes occur-
ring in multiple assays and filtered out those responsible for
multidrug resistance, (3) they generated genetic interaction
profiles of genes that encoded the compound's targets
through genetic array analysis, and (4) they clustered the
chemical genetic profiles with the genetic interaction data
and grouped several compounds with their known pathways
or proteing?® In addition to demonstrating that these profiles
) may identify a compound’s mechanism of action, they also
“OH identified a group of genes involved in multidrug resistance
Figure 25. Structure of FK506. that may be conserved in humais.

Huang et al. undertook a thorough and extremely promis-
(FKBP12)??! In addition to binding FKBP12, FK506 specif- ing study that revealed novel functions of the phospha-
ically inhibits C&"-dependent protein phosphatase cal- tidylinositol (Pl) metabolic pathway by screening the entire
cineurin. In yeast, calcineurin is only required for survival yeast deletion genome for sensitivity in the presence of
under stress conditions such as high"Nai*, Mn?*, and wortmannin, a known small molecule inhibitor of phopha-
OH~ concentrations. To develop a tool to study calcineurin tidyl inositol 3-kinase (PI3K) (Figure 27§225The screening
function in yeast, Schreiber and co-workers sought molecules
that would suppress FK506 inhibition of calcineurin at high MeO__ OAc,,
NaCl concentration¥” A total of 10000 compounds were :
screened and monitored for cell growth as positives, and one
molecule, SFK1, a suppressor of FK506, was identified as a o
promising compound. While SFK1 restored growth at high o}
salt concentrations, at low concentrations of salt, it proved Figure 27. Structure of wortmannin.
lethal. An affinity pull-down experiment identified Porlp, a
mitochondrial voltage-dependent anion channel, as the targetrevealed genetic interactions in the pathway and the global
of an amine-derivatized SFK1. In a series of follow-up consequences of perturbing the pathway. From their screen,
experiments, it was also convincingly suggested that SFK1 they identified 591 genes that bestow wortmannin resistance
interacts directly or indirectly with the pore protein Porlp upon deletion and 476 that bestow hypersensitivity, pro-
in the outer mitochondrial membrane and that SFK1 targetsviding a global view of the wortmannin-responsive net-
the mitochondria. They then performed synthetic lethal works within the cell. This revealed novel connections
screening of a genome-wide set of viable yeast deletion between the PI pathway and other biological processes that
mutants in the presence of SFK1 for sensitivity, followed include the DNA replication and damage checkpoint, pro-
by transcription profiling. Yeast deletion strain screening with teasome function, and chromatin remodefffgTheir results
SFK1 yielded strains with impaired mitochondrial function showed the ability to understand relative distances between
and reduced sodium tolerance. In addition, mitochondrial processes affected by wortmannin and protgirotein

SFK4

Me Me
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interactions in the proteomic subnetwork. This work shows  Shoemaker et al. analyzed 78 mostly medically relevant
the power of whole genome profiling to annotate the compounds in a genome-wide haploinsufficiency screen that
biological effects of a small molecufé* incorporated half of the yeast genome heterozygotes to
Haploinsufficiency involves the lowering of a gene dosage determine their mode of action by DNA microarray analy-
from two copies to one in diploid cells. The result, a sis??® The group used “fitness profiling” to analyze the
heterozygote, shows greater drug sensitivity if the inhibitor modes of action of the compounds. Advantages of this
targets the half-deleted gene’s product, rather than the wild-method are that it does not require any prior knowledge of
type. As a proof of principle, Davis et al. developed this a compound’s mode of action and that affected biological
technique and screened 233 molecularly “tagged” or “bar processes are identified along with the protein target(s). In
coded”, by a 20 member oilgonucleotide, heterozygous addition to validating the targets of known compounds and
strains that were pooled and grown in the presence of a drugrevealing potentially new modes of action for many of the
tunicamycin, a well-characterized glycosylation inhibi#r. compounds tested, they also suggested that the cholesterol-
They identified the known target and two hypersensitive loci lowering drug molsidomine may function by targeting
by screening the oligonucleotide tag on DNA microarrays lanosterol synthase in the sterol biosynthetic pathway. In
(Figure 28). Davis et al. continued and expanded their work addition, a target of 5-fluorouracil was identified as the rRNA
processing exosomnté?
Roberge et al. used a yeast genome-wide drug-induced
O haploinsufficiency screen to identify the pathway of a
compound in preclinical trials, dihydromotuporamine C
(dhMotC), an inhibitor of angiogenesis and metastasis (Figure
29)22° The target of this compound was unknown and was

O/\/\H/\/\/\NHz

Figure 29. Structure of dihydromotuporamine C.

Wild type copy

Common primer 1

’// Kanmycin B difficult to determine since it had no other known biological
4 activity. Also, its structure provided no clues and did not
Common resemble other bioactive compounds. By their method, the
50-bp Primer 2 50-bp authors revealed that it targets sphingolipid metabolism and
Homology Homology leads to decreased ceramide levels in yeast. Their original

PCR amplification using the
two common primers, one
Labelled with fluoroscein (F)

HTS identified 21 heterozygous deletion strains sensitive to
dhMotC, and sensitivity ranking identifiddb1A/LCB1 and
tsc1O\/TSC10 as the most sensitive. These deletion strains

were supersensitive, and the encoded gene products were
members of the sphingolipid biosynthesis pathwa&y.

4.2. Plants

Plants offer an attractive platform for phenotypic screening
in chemical genetics: (1) all known plant growth regulators
are small molecules; the experimental protocols for analyzing
plant growth regulators are well defined and can be easily

Denature and hybridize to oligonucleotide adapted to unbiased chemical genetic screens; (2) the

chip genomes of the most common systems are already sequenced
Figure 28. Heterozygote deletion construct with tag. and that significantly aids in target identification; (3) plant

roots readily take-up small molecules, avoiding many of the

to include genome-wide heterozygous yeast deletion stédins. permeability and transport issues in traditional chemical
Again, the group followed a similar protocol of bar coding, genetic system3In addition, due to the genetic redundancy
screening the pooled strains, and following up with an in Arabidopdis the ability to knock out all of a gene’s copies
oligonucleotide microarray analysis. Data analysis afforded and its homologues by traditional genetic means is extremely
gene-by-gene ranking of sensitivity and generated a genome-difficult, but this can be done using small molecules in a
wide profile of functional interaction®’ Eighty genome- chemical genetics approaeh.
wide experiments were performed in addition to genetic  Auxins and their signaling events are the focus of a great
follow-up experiments to validate their results. From their number of chemical genetic studies in plants. As a plant
screens and analysis, they were able to identify gene productdiormone, auxin regulates plant development on multiple
that directly interact with the compounds and are dosage- levels, that is, cellular division, differentiation and elongation,
limiting for growth, as well as those involved in bioavail- embryogenesis, seedling growth up to flowering and senes-
ability of small molecules to cells. Importantly, all of their cence, etc., and its subsequent gene directing signaling events
studies showed previously unknown interactions that may are still not clearly understodd® 232 Theologis et al.
lead to novel drug targets. This screening method may provedeveloped a high-throughput screerirabidopsisseedlings
valuable for drug discovery by filtering and prioritizing to identify inhibitors of auxin signaling®® In addition to
compounds for developmefit. phenotypic screening that focused on root elongation, their
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screening involved a 10000 member commercial library and suggested thasirl regulates auxin-inducible genes. From
used the BA3 line, where exogenous auxin triggers the follow-up experiments, it was suggested tkail is a key
expression of GUSfA-glucuronidase), as the reporter sys- regulator of many auxin-inducible genes and an upstream
tem232 Affymetrix microarray screening was also used in component in auxin signaling. This work shows the power
transcription profiling. Their screening was rapid, and active of chemical genetics in plants in combination with genetic
compound identification was aided by the tissue-specific tools for the identification and dissection of key components
expression of the GUS gene in the root elongation zone. of the auxin-signaling mechanisms. Additionally, Zhao et
From their library, several diverse compounds were identi- al. used genetic screens to identify mutants insensitive to
fied, three of which interfered with the auxin-regulated sirtinol and identifiedAtcand] a HEAT-Repeat protein that
proteolysis of an auxin/indole-3-acetic acid transcription participates in auxin signaling. This is illustrative of how
factor. Two of these compounds showed phenotypes indica-chemical probes identified from chemical screens are of
tive of an altered auxin response that included impaired root continued interest as chemical tools well past their initial
development, and microarray transcriptional analysis showedreports?3!

the mechanistic similarities of the two most potent com-  The first brassinosteroids (BR) were isolated in 1979 and
pounds. Their approach offers a rapid and robust methodbrassinosteroid chemistry became established in the late
for the study of auxin signaling, with the targets remaining 1980s?36237This group of approximately 60 compounds have

to be identified. been shown to be involved developmentally in pollen tube
Hayashi et al. provided an example of forward chemical growth, stem elongation, the inhibition of root growth,
screening using natural products. Using transgeéabi- promotion of xylem differentiation, the retardation of root

dopsiswith a GUS auxin-inducible reporter, they identified abscission, and cell elongation, as well as roles in protecting
the natural products yokonolide A and B (A82548A), isolated plants from environmental stresses such as chilling, drought,
from Streptomyces diastatochromogengkich were shown  and heat stress882%” For all of these above reasons, BRs
to inhibit auxin signal transductic¥? 234 Yokonolide B was are now considered a class of plant hormofieand tools
shown to inhibit the degradation of AUX/IAA factof& to dissect their role, especially inhibitors of their biosynthesis,
In a straightforward example of plant phenotypic screen- are particularly valuable (Figure 32).
ing, Schreiber et al. screened members of the biaryl-
containing DOS library inArabidopsis Through visual
microscopic screening, they identified a potent compound,
(P)-4k, that was shown to stunt development and lead to
pigment loss followed by death (Figure 363.

., 22

HO
o O Figure 32. Campersterol, a representative brassinosteroid.
J: Yoshida et al. have done extensive work on BR biosyn-
Bn™ N thesis inhibitors. They reported the first BR biosynthesis
inhibitors that were unrelated to Gibberellic acid (GA, plant
growth regulator) biosynthestd® The design of these
~0 © compounds were based on the molecules uniconazole and
Figure 30. Structure of P)-4k. _pa(_:lqbutrazol, known GA biosynthesis i_nh_ibi'go_rs that also
inhibit cytochrome P-4588" GA biosynthesis inhibitors were
Zhao et al. investigated auxin signaling components using eliminated by rice stem elongation assays where the inhibitors
a chemical genetics approach and the compound sirtinol, aare known to retard rice stem elongation and are rescued by
known inhibitor of the sirtuin family in yeast, which is known GA treatment3® Their hits were then transferred to pheno-
to affect root and vascular tissue developmertiabidopsis typic screening irArabidopsisand cressl(epidium satum)
(Figure 31)89199The group screened for compounds using where brassinolide, a potent brassinosteroid, can reverse the
effect of the BR inhibitors. BR biosynthesis inhibitors
inducedArabidopsisdwarfs that phenocopied BR biosyn-
thesis mutants. From cress screening, a triazole-type potent
inhibitor, brassinazole, was identified, of which the target
oH O was shown to be brassinosteroid biosynthesis (Figuré*33y.

Therefore, brassinazole can serve as a complement to BR-
deficient mutants in studies to determine the function of

~

Figure 31. Structure of sirtinol. BRsZ¥

a GUS reporter systefi Sirtinol was shown to upregulate HyC, OH

ectopic expression and the auxin reporter gene. This was O O
followed up by whole genome microarray analysis, which N,N7 al
showed that sirtinol activated the expression of 16 000 of \\_K,

23 000 auxin-inducible genes. In addition to a number of rigyre 33. Structure of brassinazole.

other interesting phenotypic changes, phenotypic screening

with sirtinol in light- and dark-grown seedlings showed Yoshida has continued to explore BR biosynthesis inhibi-
phenotypes typical of plants over-producing auxin suggestingtors and expanded the characterization of brassinazole. In
that sirtinol activates auxin-inducible genes and increasesfollow up experiments with brassinazole, it was shown to
auxin signal output®® Genetic screening identifiedirl inhibit the hydroxylation of the side chain C-22 position of
(sirtinol resistant 1) that gave auxin-related phenotypes andBRs by binding to DWF4, arrabidopsis thalianacyto-
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chrome P450 that catalyzes the hydroxylafithin addition, fication was performed, in their important early study, they
brassinazole was used as an inhibitor of BR biosynthesis inscreened a 1100 random member small molecule library and
light- and dark-growrChlorella vulgariswhere it was shown  identified molecules that modulated aspects of vertebrate
that the mevalonate pathway does not functio@ imulgaris ontogeny including the development of the central nerve
and that isopentenyl biosynthesis is responsible for the system, the cardiovascular system, the neural crest, and the
synthesis of a precursor in BR synthe®fsAs an additional ear?*¢In another study, Schreiber et al. screened their biaryl-
example of brassinazole’s use as a biological tool, Yoshida containing DOS in zebrafish embryos and identified a
has shown that BRs function in xylem development in vivo compound that showed interference in zebrafish development
since brassinazole inhibited secondary xylem developmentrelated to pigmentation, weak hearts, abnormal brains, and
in cress plant8? Murofushi et al., in collaboration with  misshapen jaw¥? Schreiber et al. have gone on to employ
Yoshida, developed inhibitors of BR biosynthesis based on zebrafish in more sophisticated studies. Based on their
5-substituted pyrimidine derivatives where their activities previous success in identifying active compounds from the
were screened by a cress stem elongation &4sAgditional 1,3-dioxane library, they decided they would dramatically
BR biosynthesis inhibitors, such as Brz220, have been foundexpand and diversify their previous library and began an
through Arabidopsisscreening by Asami et al. that have interesting study that took advantage of a number of
shown potency and specificity greater than brassinazole screening formats. Whereas their previous 1,3-dioxane library
(Figure 34)242243|n addition, triadimefon, a triazole-based contained 1890 compounds derived from two racemic
fungicide, was also shown to induce brassinosteroid-deficiency-scaffolds, this library took advantage of their modular
like phenotypes irabidopsis an important implication for ~ synthesis by incorporating a drastically increased number of
BR-biosynthesis inhibitors in their application to crops building blocks and produced 18 000 enantio-enriched

(Figure 35)24 compounds where diversity was displayed on 12 stereo-
chemically distinct classes of compouri#fst*24Phenotypic
screening in zebrafish identified one molecule, but not its

5 enantiomers, that induced cardiovascular malfunction. The
o} compound was also found to induce reversible 2:1 atrio-
R /©)(N :’N ventural block at 6uM (Figure 36). To explain these
.C N~
F e NH;
Figure 34. Structure of Brz220. ©/ NO,
q L
0 oo N
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Figure 35. Structure of triadimefon. ] OH o ) o
. Figure 36. Cardiac malfunction inducing compound identified from
4.3. Zebrafish zebrafish phenotypic screenif.

Zebrafish Danio rerio) have become a promising whole
organism screening method in chemical genetics for many
of the same reasons that they are popularly used in
developmental biology and genetics. Whole organism screen-
ing is preferred in some cases over target-based screenin
since it allows for a more unbiased discovery in a relevant
physiological context. However, though mammals provide
an excellent relevant screening context, their use is expensive
requires a great deal of space, large quantities of compounds

is strictly regulated, is laborious, and often raises ethical a chemical approach in zebraf&R. This study was an

questions. Because of these Iimitations'in mammals, systems, cellent example of the use of chemical compounds as a
such as zebrafish have been popularized due to the many

- i ; means of inducing loss-of-function in vertebrates as opposed
advantages they present. First, zebrafish, unlike other System$, 4 ntisense technologies. Although the targets of the probe,

such as yeast or round worms, are vertebrates with dischtePTK787/ZK222584 (a vascular endothelial growth factor
organs such as the brain, sensory organs, heart, mUSC|e%ceptor inhibitor), were known, this proof of concept
bones, etc. These organ systems are very close to their huma@xperiment showed that this method would be a viable route

counterparts, in terms of their high level of structure, and - , ; :
this aids in their suitability for chemical genetics and drug for determining & novel compound's mechanisms (Figure 37).

discovery. Additionally, zebrafish are small enough in their N-N

early embryonic stages to live in a well of a microtiter plate. HN—

They are also prolific reproducers, which allows for the Q 7\

screening of large libraries. Last, zebrafish embryos are a =N

desirable model due to their complete transparency, which cl

allows for the multiple observations of dynamic processes Figure 37. PTK787/ZK222584.

in every organ and structure without the need for dissection

or sacrificing the animai*® Treatment with PTK787/ZK222584 blocked formation of all
Schreiber et al. pioneered the use of phenotypic zebrafishblood vessels, a phenotype that closely matched that pro-

screening and chemical genetics. Though no target identi-duced by antisense treatment. Using this method, they were

observations, they hypothesized that the target may be a
cardiomyocyte-specific ion channel. Additionally, a com-
mercial software program, QSARI (SciVision), was used to
analyze the molecular descriptors, and evaluation of the
%Iiversity of the chemical space showed that the 1,3-dioxane
library favorably compared to a library of 2000 known
bioactive compounds, thus indicating its promise for future
discoveries.

' Roberts et al. have studied angiogenic signaling by using
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able to study angiogenic signaling and showed that over- that showed a 410-fold improvement over myoseverin in

expression of AKT/PKB, a putative effector of endothelial tubulin assays and U937 cell growth inhibition (Figure 40).

growth factor signaling, allowed blood vessel formation in

the presence of the drug. Increased AKT/PKB activity

prevented drug-induced endothelial cell apoptosis. This study Y Q

demonstrated the important role of AKT/PKB in angiogen- H H

esis. Y3 )
Fishman et al. have used zebrafish phenotypic screening N%(N Nﬁ/N

in a couple of interesting studies. In an important early report, HN HN

both chemical genetic and conventional genetic approaches &

were employed, and a powerful small molecule, concentra- ~ ~

mide (Figure 38), was found to phenocopy a genetic mutation

=N
Tubulyzine A i
N\ / A y: Tubulyzine B

o]
O
Figure 38. Concentramide.

NH

by ventricle formation within the aorta. Though the pheno-

typic expressions were simildrasand concentramide were

mechanistically different, withasdisrupting epithelial celtt

cell interactions and concentramide shifting the converging o

heart field rostrally. |
Additionally, they used the suppression of a genetic

mutation that served as a model of aortic coarctadihe Tubulyzine C

zebrafish mutation gridlock was used that has a mutatg@ Figure 40. Tubulyzine A, B, and C.

gene in which the zebrafish have a malformed aorta

preventing circulation to the trunk and tail. This resembles 4 4. Drosophila

congenital dysplasias of the aorta in humans. The screen )

sought molecules that suppressed this mutation, restored FOr over 100 yearsDrosophila has been used by

circulation, and allowed zebrafish survival to adulthood. 9€neticists in a great number of studi&s?>' Their short life

From a screen of 5000 diverse compounds, two compoundscyCle and low cost make them a desirable animal model.

were identified that suppressed the mutation, and it was found The entireDrosophilageneome sequence is available, and

that these compounds accomplished this through the up-many tools for target identification and validation already

regulation of the expression of VEGF (Figure 39). This study €Xist such as genome-wide genetic mutations. Though they
bear fewer genes than humans, cases exist oDoosophila

s N s N gene representing several human genes, and this kind of
Q/ V\G\l /©/ vm feature makes it a popular model system for studying human
? ON disease pathway8 Additionally, Drosophilais an excellent
GS4012 GS3999 compliment to Caenorhabditis elegan&®NAI studies in
Figure 39. Two small molecules identified as gridlock suppressors. Which some knockouts are unavailable, such as genes
expressed in the nervous syst&hThoughDrosophilahas
highlights the possibility of small molecule unbiased screen- not been widely used in chemical genetics, its unique
ing overcoming genetic mutations without targeting the gene advantages will attract more attention from the field in the
responsible and has important implications in gene therapy. future.

Chang et al. have also used zebrafish as a primary screen Field et al. used phenotypic cell-based screening in
to identify a potent microtubule destabilizing enti.In combination with genome-wide RNAI screens to identify
an effort to increase the activity of the moderately active cytokinesis inhibitors and their targefs. This parallel
tubulin inhibitor myoseverin, the group designed a novel approach allowed for the identification of inhibitors of
triazine library utilizing computer-aided modeling and SAR cytokinesis, the genes involved, and information on the small
analysis from myoseverin derivatives. Over 100 compounds molecule’s targets by cross-comparing phenotypes. Normal
sharing a structural motif with myoseverin were synthesized mitotic cells that fail cytokinesis, the last step in mitosis,
in a solid-phase orthogonal route that rapidly generated exhibit a two nuclei phenotype. Screening for this phenotype
highly pure triazine compounds. Primary screening in of a 51 000 member library comprised of commercial “drug-
zebrafish embryos identified compounds, the tubulyzines, thatlike” molecules, natural products, natural-product-like com-
induced phenotypic changes similar to the known micro- pounds, and 19 470 dsRNAs was performednosophila
tubule destabilizers myoseverin and nocodazole. Thesecells and revealed 52 active small molecules, 25 of which
included delays in epiboly, and larger blastoderm cells in were selected for further screening. These compounds were
1K cell stage embryos and somite stage embryos showed aermed the binucleins. In addition, 214 dsRNAs, and
characteristic developmental arrest. To confirm the activity, therefore 214 proteins (25 of which were previously unpre-
they were screened in an in vitro polymerization assay using dicted), were identified from the phenotypic screening as
purified bovine brain tubulin and growth inhibition was tested being involved in cytokinesis and revealed the previously
in U937 human leukemia cells. They identified a compound unknown essential role in cytokinesis of a ge@&;4454

called heart-and-souhés.?8 The phenotype expressed itself jN/\ ‘N
5%
o\
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One geneborr, had a profound effect on cytokinesis that
was shown to be involved in the Aurora kinase pathway.
Phenotypic classification revealed a small molecule inhibitor
of the Aurora B pathway. This was a dramatic illustration
of how this parallel approach may be useful for future studies
in chemical genetic®3

4.5. Caenorhabditis elegans

For years,Caenorhabditis elegankas been a powerful
research tool in geneti@3.C. eleganshas seen little use in
chemical genetics thus far, but it is of growing use in drug
discovery and is poised to make a large contribution. It is
merely a matter of time until it becomes a wide-spread tool
in chemical geneticsC. eleganswvas the first multicellular

Chemical Reviews, 2006, Vol. 106, No. 6 2495

proteins by screening fluoxetine (Proz&%)The effects were
independent of inhibition of serotonin and show the potential
power of using probes and drugsin elgango unveil useful
biological information beyond their therapeutic targets.

C. elegandas also been used in a couple of applications
relevant to toxicology. Uemura et al. developed a novel and
simple method in whicl€C. elegansvas used as a model to
determine the reproductive toxicity of chemicals including
environmental pollutant$® van Meel and co-workers have
also demonstrated the use of wild-tyfe elegansand a
transgenic strain as a rapid model for the assessment of the
toxicity of pharmaceutical compounds by screening several
EGFR kinases and an inactive analogtfe.

Last, in a preliminary chemical genetics report, Geary and

organism to have its genome completely sequenced. Theco-workers use€. elegansscreening to identify presenilin

knowledge and the experience that comes with it will prove
invaluable in futureC. elegansapplications in chemical

genetics. The worm itself is small and transparent, which
allows for full visualization of its developmental processes,

inhibitors26° The proteins presenilin 1 and 2 and the genes
that encode them are targets of Alzheimer disease (AD)
therapeutics. In humans, loss of function of presenilin-1
reduces amyloigr peptide processing from the amyloid

and contains complex structures such as a digestive tractprotein precursor. However, i@. elegansloss of function
nervous system, and muscles. Additionally, it has a short Of presenilin-1 causes a defect in egg laying. Therefore,

life cycle and produces many progeny, which makes it more
compatible with high-throughput screening. Advantageously,
RNAI screens were first used and developecirelegans

and the large amount of experience in this field will greatly

compounds were sought that phenocopied the egg laying
defect by targeting presenilin. To make this screen of
moderate throughput, the group devised an assay that
measured chitinase release into the culture medium since

aid multipronged chemical genetic approaches, particularly chitinase is released by hatching eggs. Though they identified

target identificatiorf>?
Indeed, though the use and understandin€ otlegans

compounds from their library that phenocopied the egg laying
defect, none of the compounds have made it through later

has also dramatically increased, it has not been used to itgounds of assays to confirm target specificity yet. Though

full potential in phenotypic chemical genetic screens, as
alluded to by Han and Hara’s use of the vulval development
phenotype by farnesyltransferase inhibitors as an in vivo
screen for inhibitors of Ras-activated tumors (Figure1).

HO

Figure 41. Ras farnesyltransferase inhibitors founddnelegans
screening.

An early report by Chalfie and co-workers relevant to
target validation and identification and mechanism of action

they failed to find specific inhibitors, they claim due to a
small library size, the method developed allows for the
mechanism-based discovery of AD drugs and offers a
potentially useful screening method in chemical genéfits.

4.6. Mammalian Cells
4.6.1. Phenotypic Screening

Phenotypic screening that identifies hit compounds through
morphological changes or growth inhibition in mammalian
cells provides a robust platform for screening libraries in
chemical genetic studies. Schweitzer et al. used this in
developing a disease-specific cell-based screen to identify
lead compounds for Huntington’s dise&&€They developed
a model screening for Huntington’s disease using cultured
neural PC12 cells that are similar to neurons and exhibit
characteristics of mature neurons, such as their ability to

studies used benzimidazole anti-microtubule drugs to showundergo growth factor withdrawal-induced apoptotic cell

that theben-1gene productS-tubulin, conveys sensitivity
in C. elegang®® This was identified by screening a panel of
C. elegansmutants with benzimidazole, and they showed
that all resistant mutations mapped to a single lobes-1
The ben-1deletion mutants were fully resistant, and those
animals remained viable and coordinated, indicating that
B-tubulin is nonessential for growth and movement and that
the gene’s function is most likely redundant.

In a pathway dissection study, Ruvkun and investigators
screenedC. elegangnutants with a number of neurotrans-

death. These cells are a standard model for neuronal cell
biology. Their medium-throughput screening used PC12 cells
incorporating a plasmid that inducibly expresses an expanded
polyglutamine form of exon 1 dfitt with a green fluorescent
protein (GFP) marker. After induction of thdtt transgene,

the cells died within 48 h. Using the NIH Custom collection,
their screening revealed 18 compounds that rescued the cells
completely. These compounds represented caspase inhib-
itors and cannabinoids making them lead compounds in
Huntington’s disease treatment, in addition to their model

mitter agonists and antagonists to identify compounds that Screening system providing a robust method for researchers

could induce or provide recovery from dauer arrest. Their

at large.

results suggested that a metabotropic acetylcholine signaling Yuen et al. used an interesting phenotypic assay to identify

pathway activates an insulin-like signal duri@g elegans
dauer arrest® In an application relevant to mechanism of
action studiesC. elegansas been used to uncover a novel

compounds that protected Vero (African green monkey
kidney cell line) cells from severe acute respiratory syndrome
coronavirus (SARS-CoV) associated cytopathic effects

gene family encoding over a dozen multipass transmembrang(CPE)!** SARS-CoV was identified as the causative agent
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of endemic atypical pneumonia, the infamous SARS virus, o~
and angiotensin-converting enzyme 2 (ACE2) was identified

as the functional receptor. They sought compounds that could

interfere with any of the many steps involved in SARS-CoV

infection by screening 50 240 compounds from a commercial NH
library. As a model system, they used Vero cells, in which
SARS-CoV effectively replicates and CPE serves as an

effective phenotypic marker. Their screening identified 104

NN
| \
HNJ\N/ N>
hits that prevent SARS-CoV-induced CPE. These compounds /©) )\
0
[

were then screened for their BfS in a viral plaque reduction
assay. To understand how these compounds may be acting,
they screened the 104 compounds to determine how they,:igulre 43. Structure of myoseverin.
affect three major pathways for viral replication, namely,
viral entry, transcription, and proteolytic processing. SARS- of myoseverin, the long cylindrical myotubes were replaced
CoV main protease (SARS-CoV #), which plays a role  Wwith smaller chains of rounded cells producing mononucle-
in proteolytic processing, is a major target of anti-SARS- ated fragments. A biotin-modified myoseverin designed for
CoV drug development. Screening for SARS-CowM  affinity experiments revealed tubulin as the target after
inhibitors identified a compound, MP576, with ansh®f immunoblotting. It was shown that myoseverin did not affect
2.5 uM. This compound also performed favorably in a actin and behaved differently than other compounds acting
docking study and was shown not to be a general proteaseon the cytoskeleton, that is, colchicines and nocadazole.
inhibitor. Screening their hits against polynucleotide- MRNA transcription profiling revealed that 93 genes were
stimulated ATPase activity of SARS-CoV helicase (SARS- significantly affected by myoseverin and, interestingly, that
CoV Hel) found a compound, HE602, that strongly inhibited many of these were involved in extracellular matrix remodel-
its activity (ICso = 6.9 uM). It was also shown to perform  ing and growth factors. Affected genes also included growth
well in a helicase assay that indicated this compound operatedactor inducible transcripts as well as a number of cyto-
similarly to inhibitors of herpes simplex virus (HSV) skeletal genes. These transcription profiles were consistent
helicase-primase protein. Last, libraries were screened for with the activation of pathways involved in wound healing
compounds that block spike proteiACE2-mediated cellular ~ and tissue regeneration.
entry of the SARS-CoV. The compound VE607 was shown  Orlow et al. used a tagged triazine library in a phenotypic
to specifically block entry with an E& of 3 uM. Their screening to identify compounds that correct for albinism in
interesting results highlight chemical genetics’ role in emerg- albino type 2 murine melanocyté¥. Tyrosinase mis-
ing disease research as well as providing useful drug targetgrafficking and increased retention in the endoplasmic
for SARS-CoV infection (Figure 42). reticulum is considered a main cause for albinism in
oculocutaneous albinism type 2. From the absorbance-based
melanin assay, it was shown that six compounds induced
Q enhanced pigmentation in the form of an absolute increase
in the melanin amount that was not a result of selective

po toxicity for melanin-deficient cells (Figure 44). Affinity
HN lo)

Q, o
~ | Y, N/\/O\/\O/\/NHZ
HN

cl
!
MP576 HE602 P
OAN)\N)\NH
H
OH i
N
o) Figure 44. MPC11, a representative pigment increasing compound
©/ in type 2 albino cells.

experiments, streamlined from the use of tagged libraries,

OL O identified the mitochondrial FLFO-ATP synthase as the target
HO N protein. Competition experiments with free molecules against
affinity matrices and antibody blotting against theand
VEB07 subunits of ATPase confirmed the compound’s specific
Figure 42. Structure of MP576, HE602, and VE607. binding to the target. Immunohistochemical analysis showed
that the triazine compounds induced pigmentation by cor-
Rosania et al. presented an in-depth comprehensive reportecting tyrosinase mistrafficking. Two known inhibitors,
on forward chemical genetics using a cell-based phenotypic oligomycin and aurovertin B, of the ATPase were also shown
study in the discovery of myoseverin (Figure 4%)19 A to induce pigmentation and competed with the triazine
library of 2,6,9-purines was screened in 96 well plates compounds. Importantly, this report identified mitochondrial
against murine C2C12 muscle cells induced to form myo- ATP synthase as a potential therapeutic target for albinism
tubes. Myotube morphology was visualized using a phasein melanocyted?”
contrast microscope, and myoseverin induced reversible Orlow et al. used a similar approach to find a pigmentation
myotube disassembly with an BG= 11uM. In the presence  inducer in normal melanocyté® After a careful SAR study,
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a strong pigmentation inducer, melanogenin (Figure 45), and
its target protein prohibitin were identified by an affinity
matrix of melanogenin. It was shown that a treatment of
melanogenin increased the expression level of tyrosinase an
thus increased the enzymatic activity. Interestingly, neither
RNA. of prohibitin alone nor cotreatment with melanogenin
showed any significant tyrosinase upregulation. The upregu-
lation of tyrosinase is only observed with melanogenin
treatment in the presence of prohibitin, which suggests that
prohibitin induces tyrosinase overexpression, but only when

bound to melanogenin. This is a unique case where conven-

tional genetics cannot identify the function of the target
protein, but chemical genetics can.

Synthetic lethal screening has also found use in human
cell lines. At about the same time, two groups reported
chemical synthetic lethal screening in isogenic human cell
lines where the lines differ by only one deleti$?#2%3In a
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Schultz et al. used a phenotypic screen that measured
alkaline phosphatase (ALP) levels as a marker for compounds
that induce osteogenesis in the search for selective modula-
tors of stem cell differentiation using mouse embryonic
mesoderm fibroblasts, C3H10T1/2 ce¥8.This type of
control would have significant therapeutic value for several
bone-related diseases. ALP’s substrat§22benzothiazoyl]-
6'-hydroxybenzothiazole phosphate (BBTP), hydrolyzes to
a highly fluorescent anionic product, which readily afforded
automated screening. From a combinatorial heterocyclic
library composed of various scaffolds containing 50 000
compounds obtained from a “convergent” synthesis and

ssayed with a primary ALP fluorescent screen, they
dentified a potent compound, a 2,6,9-trisubstituted purine
termed purmorphamine (Figure 48). This compound had an

o™
~ O%
Saass

Figure 48. Structure of purmorphamine.

ECso of 1 uM and morphologically changed the cells from

methods development report, Canaani et al. used GFPfibroblasts to osteocytes. They followed up this screening
mutants as a fluorescent reporter in a screen of lethality with With a bone-specific transcription factor reporter assay to
inosine monophosphate dehydrogenase inhibf#8rén a confirm the induction of osteogenesis in addition to the
more high-throughput application, Kinzler et al. used a histological staining of endogenous ALP. In studies with
similar fluorescence approach to screen 30 000 compoundgPone morphogenic protein 4 (BMP-4), which induces osteo-
and identified a novel cytidine nucleoside analogue that blast differentiation cells, they reported that purmorphamine
showed selective in vivo toxicity i-Rasallene containing ~ and BMP-4 synergistically induced trans differentiation of
cells (Figure 46). This work demonstrated a broadly ap- preadipocytes and myoblagts.

plicable approach for mining activator compounds targeted 4.6.2. Cytoblot

to the specific genetic alteratio?s.
Cellular cytoblot assays were developed by Schreiber et

O al. and offer a robust screening platfoffft26’Cytoblots are
o E/\/\?/NHZ whole-cell immunodetection assays that resemble ELISAs
HO/\S_]/ = and Western blotting® Cytoblot detection uses a primary
antibody and a secondary antibody covalently linked to

HO

Figure 46. Cytidine nucleoside analogue sensitive for mutant
K-Rasgenotype.

horseradish peroxidase (HRP) to detect a phosphorylated
protein or other molecule of interest in fixed whole cells.
Following this, a chemiluminescent reaction is initiated by
. the addition of luminol, HO,, and p-iodophenol. Antigen
Dolma et al. have performed a broad, systematic, and eyels are visualized on film, and since these assays take
specific chemical synthetic lethality study that exceeded the y5ce in microtiter plates, this system is high-throughput with
scope of previous efforfS: Their screening involved an  ihe aqded benefit of being performed in human cells. In their
isogenic engineered tumorigenic cell line focused on siX jnitia| report, Stockwell et al. showed the broad versatility
defined genetic elements and screened over 23 500 COM¢ this systen?® A number of biosynthetic processes were

pounds. They identified a number of compounds with onitored by the cytoblot technology including DNA
genotype selective activity in the presence of certain genetiCsynthesis by measuring the incorporation of 5-bromodeoxy-

elements. A novel compound called erastin was identified \iigine in the presence or absence of transforming growth
that was specifically active only in the presence of the genetic 5ctor B, acetylation of histone H4 in response to trapoxin
elements representing small T oncoproteins and the onco-gnq trichostatin, and mitosis-associated phosphorylation of
genic allele ofHRAS(RASY) (Figure 47). histone H3 and nucleolin in the presence of nocodazole and
other anti-mitotic agents. Last, they showed the use of these
assays in compound screening by identifying a marine sponge
extract capable of inhibiting genotype-specific inhibition of
5-bromodeoxyuridine incorporation and by demonstrating
that the small molecule suppressed the anti-proliferative
effect of rapamycin among others.

Schreiber et al. used a cytoblot assay with TG-3, an
antibody that recognizes phosphorylated nucleolin as a
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Figure 47. Structure of erastin.
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marker of mitosis, as a primary screen to identify molecules affect cell motility. In addition, the fact that-tubulin

that perturb mitosi$?® Screening of a commercial library of  acetylation is involved in the localization of microtubule-

16 320 compounds revealed 139 compounds that wereassociated proteins suggests that these molecules may have
identified and classified as colchicine-like compounds, taxol- a therapeutic application in antimetastatic and antiangiogenic
like compounds, or compounds with mitotic machinery agent$® Tubacin and a related molecule were later structur-
targets other than tubulin. One compound, syntab A, showedally dissected to identify the key elements of selective HDAC

a promising taxol-like effect against tubulin by stabilizing inhibitors (Figure 51%5°

microtubules (Figure 49f° o

H H

o
HaO4NS CCl; O

Figure 49. Structure of syntab A.

Schreiber et al. have also used this cytoblot assay to find
small molecules that modulate the human chromatid de-

H
Br HN)J\/\/\/\[rN\OH
(/? O
0o
S
\/©)\/l\/ \W

HO N
catenation checkpoiit® They screened 9600 compounds in
a number of checkpoint assays that identified suppressors

of Go-phase arrest caused by an inhibitor of topoisomerase’sFigure 51. Structure of tubacin.

enzymatic activity. It was found that these molecules, termed 1, ¢, 1her probe cellular activities of TSA, Schreiber and

tmhﬁ:rsoliﬁi)ouﬁ)lenss:[:;ﬂtdIs;l:]]dCt tﬁgeﬁhscf;%getlijc?’g?n‘i)éot?;zs'82' co-workers identified additional small molecule TSA sup-
Y, ytop PO hressors (ITSA° Small molecules that overcame the cell

gl;;c)/gtlli?atsolﬁ Ifn n?:(tj'gﬁlgn"ngewgr? dggﬁwnofthﬁtecmmggn cycle blockade of cells arrested at the G1 and G2 phases by
y'all uncti incep y N TSA were considered hits. From 9600 small molecules, they

deacetylation checkpoint (Figure 5.

HO NH XN NF SN

identified 23 ITSAs, benotriazole-based compounds. Their
primary screening used a TG-3 cytoblot assay where the
TG-3 antibody measured increases in phosphonuclein levels,
indicative of a protein modification state of mitotic arrest.
Follow up assays, including a BrdU cytoblot, confirmed the

o ITSAs ability to suppress TSA’s anti-proliferative activity,
but the direct target of the compounds remains elusive

S§\/N 0 suptopin 2 (Figure 52)2.70
S \ S
oA Ss N, @ES/ NQ
N ci N
N " N/)\L
: 0,0
NH 0//\\©\Cl K N
HN OH |
\©/ ITSA1 ITSA2
Figure 52. Example of ITSA compounds.
suptopin 1 suptopin 3

Olson et al. have used modified cytoblot assays as part of
a study to understand the role of HDACs in cardiac

Schreiber and co-workers have continued to expand thehypertrophy through the use of HDAC inhibitors. Their
use of cytoblot assay8® They sought to find domain- results demonstrated that these inhibitors showed a dose-
selective small molecule inhibitors of HDAC6-mediated dependent blockade to hypertrophy. HDAC's involvement
tubulin deacetylation. HDACs are zinc-dependent hydrolasesin controlling cardiomyocyte hypertrophy suggests a role for
that mediate chromatin remodeling and gene expression andhese compounds as therapeutics for cardiac hypertrophy and
possess HDAC activity that is inhibited by the small molecule heart failure, in addition to their role as potential anticancer
TSA (Figure 23)00268 Determining a role for protein  agents’™
acetylation other than histones is a major goal toward Mitchison et al. employed a cytoblot assay that detected
understanding the targets and role of HDACs. TSA increasesthe increased phosphorylation of nucleolin as a marker for
the acetylation ofi-tubulin, but it lacks selectivity for nuclear  cells entering mitosis in the search for compounds that affect
HDACSs. This complicates the interpretation of studies using mitotic machinery but do not directly target tubufH.
this molecule. Therefore, they sought a selective inhibitor Screening 16 320 commercial small molecules identified 139
of tubulin deacetylase activity to uncouptetubulin acet- hits. After exclusion of direct tubulin-targeting compounds,
ylation from the nuclear consequences of HDAC inhibit8ts. 86 compounds were screened in a phenotypic assay to ex-
They screened a 7392 member deacetylase biased 1,3amine the distribution of actin, chromatin, and microtubules.
dioxane library in acetylated-tubulin and acetylated lysine  One compound exhibited an interesting phenotype in which
cytoblot assays in A549 cells. From the screen, they the bipolar mitotic spindle was replaced by a monastral
identified an a-tubulin-selective inhibitor, tubacin, and microtubule array surrounded by a ring of chromosomes
demonstrated that its target was class Il HDACS. Inhibition this compound was called monastrol (Figure ®3Monas-
of HDACG6 had no effect on cell cycle progression but did trol was shown to target the mitotic kinesin Eg5, thus

Figure 50. Structures of suptopins.
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OH throughput screening using a luciferase reporter system in
cultured cell€’” Their system sought to identify compounds

N that activate the transmembrane granulocyte-colony stimulat-
HNT Y] 0 Me ing factor (G-CSF) receptor and, therefore, activate the
S)\N Ve G-CSF signal transduction pathway. They screened a murine
H myeloid cell line, NFS60, that contained a G-CSF responsive
Figure 53. Structure of monastrol. reporter construct with a synthetic STAT binding element

. . . . o linked to a minimal promoter and the luciferase gene. STATS,
preventing spindle pole separation during mitosis and receptor associated proteins, are activated downstream of
producing a spindle checkpoint-dependent mitotic affé3t*  G.CSF binding and are involved in transcription regulation.
In addition, it was shown that monastrol competes with ATP Their |uciferase assay identified a compound, SB 2478464,
binding to Eg5; it inhibits microtubule-stimulated ADP  that induced G-CSF-like tyrosine phosphorylation and for-

release from EQ@S, but it does not compete with microtubule mation of granulocytic colonies in vitro (Figure 56). Their
binding. This indicated that monastrol binds to a novel

allosteric site in the motor domafi*

Sebti et al. have developed a phosphotyrosine signal O
transducer and activator of transcription (STAT) 3 cytoblot. HYH N\
STAT3 plays a critical role in tumor malignancy and is of Ne— N N>:N NH
therapeutic importance. Their screen identified JSI-124 AN NN
(cucurbitacin 1) from the National Cancer Institute (NCI) N A
Diversity Set that reduced the levels of phosphotyrosine O

STAT in v-Src-transformed NIH 3T3 cells and human cancer
cells potently and rapidly (Figure 54). It was shown that this Figure 56. Structure of SB 2478464.

results showed that a small, nonpeptidyl molecule has
activities associated with a protein hormone, and that a small
molecule can activate a large receptor protein requiring
dimerization for activatiod?”

Schreiber et al. undertook integration of chemical genetics,
by way of cellular screening, and genomic tools in the form
of transcription profiling with cDNA microarray®¥’ They
used a cell-based screen for small molecules that activate
the p3TPLux reporter gene in a transfected mink lung
Figure 54. Structure of cucurbitacin I. epithelial cell line. The reporter was composed of a luciferase

) coding gene and a DNA sequence sensitive to PGFellow
molecule affected the level of tyrosine phospho_ry_lated Janusup cytoblot screening was used to determine whether TGF-
kinase (JAK), but not Src. The compound inhibited tumor pB-like compounds block DNA synthesis. A total of 16 000

growth and increased viability in mice with melanoma compounds were screened, and four active compounds were
constitutively activated by STAT3, and these results support jgentified, two of which were selected for follow up

the use of_ targeting the JAK/STAT3 pathway for anticancer microarray screening. From microarray screening, one
therapeutic discovery. , , compound was shown to activate genes implicated in metal
In an example of the utility of chemical synthetic lethal o homeostasis. They analyzed the effect of various metal
phenotypic screening used in combination with cytoblot jong byt interestingly, they found that copper alone could
techniques, Leder et al. identified a mitochondriotoxic activate the reporter and that copper, but not other metals
compound, F16, that selectively inhibits tumor cell growth. tested, cooperated synergistically with one of the compounds,
Specifically, it inhibited the proliferation of mammary jgicating that this compound acts as a copper transpifter.
epithelial neu-overexpressing cells in addition to other Gudkov et al. used dacZ reporter gene activated in
cells181:20027This example is notable due to its parallel response to a p53-sensitive promoter in a mouse ConA cell
screening approach where cells lacking and expressing thgjne 278 p53 is a target of cancer research due to its role in
ned oncogene were screened. This approach provided HT_Sinducing apoptosis in dangerous or damaged cells and
data that was equivalent to comparative chemical genomicpecause the p53 gene is functionally absent in human tumors.
profiles of the two states (Figure 55}. In addition, p53 is indicated in the toxic effects of anticancer
treatments. They screened a 10 000 member commercial
library in the presence of a p53 inducer, doxorubicin, and
identified an active compound, pifithria<Figure 57), which

Figure 55. Structure of F16. J\H
oL
4.6.3. Gene Reporter {j d
Beyond cell-based phenotypic screening, cell-based re-

porter methods that typically rely on transcription-based Figure 57. Structure of pifithrine..

reporters are another attractive option. Reporter gene assays

are now a standard tool in chemical genetics, and the blocked activation of p53-responsiV&cZ in the presence
sophistication and scope of these studies continues toof Dox, UV light, andy radiation. From cellular follow-up
increase. Rosen et al. presented an early example of highexperiments and in vivo screening, it was shown that
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pifithrin-a. protected mice from the lethal genotoxic stress and was efficacious in mouse xenograft cancer models, thus
associated with anticancer treatment without leading to tumor verifying this compound’s potential therapeutic ben&ft.
formation?78 Stockwell et al. reported the identification of an upregu-
Reporter-based screening has also been used in a numbdator of the survival motor neuron (SMN) protein through a
of other studies to identify active compounds for in depth  SMN-minigene luciferase gene reporter study in CC44a cells
analysis. Kim et al. used GFP and chloramphenicol acetyl- that only produced luciferase during splicing and transcrip-
transferase (CAT) reporter gene assays in HeLa cells totion.28! Low levels of the SMN protein is a cause of spinal
identify a compound from a 400 member commercial library muscular atrophy, a leading genetic cause of infant mortality;
that induced the assembly of the interfefdndFN-p) upregulation of the genes responsible for the SMN protein
enhanceosome through stimulations of all the enhancer-is a desirable activity for a drug. Their library contained
binding activator proteing? It was shown that this com-  approximately 47 000 compounds from various sources that
pound, CG18 (Figure 58), stimulated the mitogen-activated included their ACL, commercial sources, and others. They
identified indoprofen (Figure 61), a known COX inhibitor,

Q O
1
O

Br HO
Figure 58. Structure of CG18. Figure 61. Strucutre of indoprofen.

protein kinase kinase kinase 1 (MEKKZ1), which is a member which increased SMN-related luciferase production, the
of a family of proteins involved in stress-mediated signaling number of nuclear germ fibroblasts (an indicator of increased
pathways. They used CG18 to thoroughly examine these SMN protein production), and viability in a spinal muscular
pathways and found that the MEKK family may integrate atrophy mouse model. In addition, no other COX-targeting
signaling transduction pathways that lead to the activation NSAID (nonsteroidal antiinflammatory drugs) showed simi-
of IFN-j.27° lar activity, indicating that it operated in a COX-independent
In addition, Pasco et al. employed a luciferase gene manner.
reporter system with a cyclooxygenase-2 (COX-2) promoter  Schultz et al. have used high-throughout reporter-based
to screen for compounds that inhibited the stimulation of screening to identify small molecules that control stem cell
COX-2 activity28 Their library consisted of 968 extracts fate?°3 They screened a large combinatorial kinase-directed
from 266 plants, and 12 active extracts were identified. They heterocyclic library in mouse P19 EC (embryonal carcinoma)
further identified a known anti-inflammatory compound, cells because, like embryonic stem cells (ESC), these cells
shikonin (Figure 59), fronArnebua euchromas a specific  are pluripotent, have broad embryonic differentiation poten-
tials, and do not exhibit frequent spontaneous neuronal

OR O differentiation®® A luciferase assay using the @I-Luc
reporter was inserted into the specific neuronal marker,
OO neuronal Tl tubulin. A number of compounds were
OH O | identified as inducing neuronal differentiation. They selected

a compound that, after SAR analysis of the primary screen,
was a model for follow-up pyrrolopyrimidines that were
synthesized and screened to identify a potent compound
called TWS119 (Figure 62). Follow up phenotypic screening

Figure 59. Structure of shikonin.

active compound. Follow-up screening showed that the
family of shikonins were active and demonstrated the utility

of HTS reporter assays to find specific inhibitors of drug NH
targets.

Kahn et al. used a luciferase-based transcription assay, § > o
TOPFLASH, to measure3-catenin/TCF (T cell factor) _
transcription in transformed colorectal celfs.-catenin HO Ny 4 NH

N

responsive genes are activated in most colon cancers, and
antagonists of this pathway are actively sought. From their Figure 62. Structure of TWS119.
screening, they identified an active compound, ICG-001

(Figure 60), that antagonizgicatenin/TCF transcription and ~ Snowed specific neuronal differentiation with the correct
neuronal morphology. Affinity analogues utilized in the pull-

down experiments suggested the target as GSKEdo-
@H o OO chemical studies and analysis of the mechanism of action
YU suggested a role for GSK33n the induction of mammalian
NN neurogenesis in ESC
QN o Orlow et al. adopted a chemical genetic approach to
H understand the “cross talk” between signaling pathvi&ys.
\©\ They sought to understand how components of the yeast
OH pheromone response pathway are involved in other signal
Figure 60. Structure of ICG-001. transduction networks. They did this by screening a library
of 100 compounds of various modes of action to identify
down-regulateg-catenin/T cell signaling by binding to the those that activate the pheromone responsive gEhkl
cyclic AMP response element-bindi