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To fully understand the regulation of cellular events, functional analysis of each protein involved in
the regulatory systems is required. Among a variety of methods to uncover protein function, chemical
genetics is a remarkable approach in which small molecular compounds are used as probes to eluci-
date protein functions within signaling pathways. However, identifying the target of small molecular
bioactive compounds isolated by cell-based assays represents a crucial hurdle that must be overcome
before chemical genetic studies can commence. A variety of methods and technologies for identifying
target proteins have been reported. This review therefore aims to describe approaches for identifying
these molecular targets.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

To improve our understanding of complex cell systems, func-
tional analysis of proteins has become a significant focus for a
growing number of research fields in biology in the post-genome
era.1 Proteins play an intrinsic role in the cellular events of cell
growth, survival, migration, and differentiation, through the
sequential assembly of protein interactions, which form signal
transduction pathways. However, the role of proteins in many cel-
lular events remains unknown. Among a variety of methods to un-
cover protein function, chemical genetics is a remarkable approach
in which small molecular compounds are used as probes to eluci-
date protein functions within signaling pathways.2,3 Indeed, sev-
eral bioactive compounds have led to breakthroughs in
understanding the functional roles of proteins. For example, the
study of chemical genetics using FK506, which was isolated from
a microbial origin as a new immunosuppressant,4 contributed to
the identification of the important role of calcineurin in the im-
mune system, by identifying FKBP12 as a target protein of
FK506.5,6 Another example is the discovery of lactacystin, a new
microbial metabolite which induces differentiation in neuroblas-
toma cells,7 whose target identification drove the wide application
of lactacystin as a proteasomal inhibitor in the field of cell biol-
ogy.8–10 There are now a growing number of chemical inhibitors
of signal transduction pathways, and these examples demonstrate
how chemical genetics can lead us towards understanding cellular
events at a molecular level. However, one significant hurdle to
developing new chemical probes of biological systems is identify-
ing the target protein of bioactive compounds, discovered using
ll rights reserved.
cell-based small-molecule screening. Identification of the molecu-
lar target of bioactive compounds is the major barrier to advancing
chemical genetic research. This review therefore aims to describe
approaches for identifying these molecular targets.

A variety of methods and technologies for identifying target
proteins have been reported. These can be fundamentally catego-
rized into two approaches: direct and indirect.11 In the direct ap-
proach, proteins bound to each compound are purified and
directly identified using time-of-flight mass spectrometry (TOF/
MS) analysis. Compounds are immobilized using affinity beads or
columns to purify the bound proteins (Fig. 1A and Table 1). In this
respect, chemical synthesis of the compounds would become a
great help for the preparation of the immobilized compounds.
However, in the case of natural products, this synthesis is some-
times difficult because of the chiral centers and unique scaffolds
in their structures.

On the other hand, the indirect approach offers target candi-
dates by profiling the biological data of the compounds.11 In the
case that the compound was found to perturb some cellular event
whose regulatory signaling pathways had been already reported,
by clarifying which step within the pathway was affected by the
compound, the enzymatic protein engaged in this step could be
raised as the target candidate of the compound. In some cases, ‘-
omics’ studies (e.g., proteomics, transcriptomics) can help to col-
lect comprehensive data about the biological effects of particular
compounds to aid target profiling (Fig. 1B and Table 1).

2. Direct approach

Traditional approaches using affinity chromatography, bio-
chemical fractionation, and radioactive ligand binding assays have
been successful in identifying the biological targets of multiple
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Figure 1. Schematic illustration of ‘Direct Approach’ and ‘Indirect Approach’. (A) The strategy of target identification by using biotin-affinity tags is shown. Cell lysates are
incubated with biotin-tagged small molecules and the binding-protein is purified with avidin-agarose before identification using mass spectrometry (MS). (B) The strategy of
target identification by profiling is shown. Target-known and target-unknown small molecules are added to cultured cells and the cellular responses, such as drug sensitivity,
gene expression, protein expression, or morphological changes, are collected. The profiling from the collected data predicts the target of the small molecule of interest.
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small molecules. In particular, affinity chromatography using a
biotin affinity tag or Affi-gel system has been successful, but is
disadvantaged by the fact that small molecules can lose their bio-
logical activity due to the presence of the biotin affinity tag or
Affi-gel tag at the active site. To overcome this issue, new methods
such as click chemistry, photo-crosslink, and FG beads are now in
development. This section highlights recent successes using affin-
ity chromatography as the ‘Direct approach’.
2.1. Biotin affinity tag

Target identification using a biotin-affinity tag was first devel-
oped by Professor Stuart L. Schreiber.12 At present, this method
was believed to be a powerful tool to identify target proteins. In-
deed, many target proteins have since been identified using this
method, including target proteins of chromeceptin,13 withaferin
A,14 tetrahydroisoquinoline,15 spliceostatin,16 pladienolide,17 and
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fatostatin18 (Fig. 2). Chromeceptin was identified as an inhibitor for
insulin-induced adipogenesis,19 and was suggested to exert its bio-
logical activity by blocking the autocrine loop of IGF2. Further-
more, chromeceptin activates the transcription factor STAT6,
resulting in up-regulation of IGFBP-1 (IGF binding protein 1) and
SOCS-3 (suppressor of cytokine signaling 3). IGFBP-1 is known to
be a secreted IGF-binding polypeptide which inhibits IGF2. On
the other hand, SOCS-3 is reported to suppress insulin-induced
tyrosine phosphorylation of insulin receptor substrate (IRS-1),
causing insulin resistance. Therefore, chromeceptin was suggested
to inhibit insulin-induced adipogenesis through STAT6-stimulated
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Figure 2. Structure of small molecules whose targ
IGFBP-1 and SOCS-3 up-regulation. However, its precise mecha-
nism of action was unknown. Uesugi and co-workers identified
MFP-2 (multifunctional protein 2), which is involved in the perox-
isomal b-oxidation of fatty acids, as a chromeceptin-binding pro-
tein by affinity purification using biotinylated-chromeceptin.13

Knockdown of MFP-2 suppressed chromeceptin-increased IGFBP-
1 expression. These results collectively suggest that MFP-2 is
essential for chromeceptin-induced STAT6 activation. Their study
provided chemical genetic support for the role of the STAT-SOCS
pathway in IGF regulation, and implicated a new pathway for
STAT6 activation.
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Table 1
Summary of small molecules whose targets were identified by the ‘Direct Approach’ or the ‘Indirect Approach’

Method category Compound name Original bioactivity Target protein Journal First author Year

Direct
approach

Biotin-affinity tag Chromeceptin Anti-adipogenesis MFP-2 Chem. Biol. Yongmun Choi 2006
Withaferin A Anti-cell migration Annexin-II Nat. Chem.

Biol
Ryan R. Falsey 2006

DX-52-1 Anti-cell migration Radixin Chem. Biol. Alem W. Kahsai 2006
DX-52-1 Anti-cell migration Galectin-3 J. Biol. Chem. Alem W. Kahsai 2008
Spliceostatin Anti-tumor SF3b Nat. Chem.

Biol.
Daisuke Kaida 2007

Pladienolide Anti-tumor SF3b Nat. Chem.
Biol.

Yoshihiko Kotake 2007

Fatostatin Anti-adipogenesis SCAP Chem. Biol. Shinji Kamisuki 2009
Affi-Gel tag SC1 Regulation of self-differentiation

of ES cells
RasGAP/ERK1 PNAS Shinji Kamisuki 2009

Quinostatin mTOR inhibitor PI3K p110 Chem. Biol. Jiong Yang 2007
QS11 TCF transcriptional activation ARFGAP1 PNAS Qisheng Zhang 2007

Phage display Terpestacin Anti-angiogenic UQCRB (mitochondrial
complex III)

J. Biol. Chem. Hye Jin Jung 2010

Click chemistry Origamicin Anti-HCV activity PDI Chem. Biol. Bojana Rakic 2006
16F16 Anti-huntingtin PDI Nat. Chem.

Biol.
Benjamin G.
Hoffstrom

2010

Photo-crosslink Methyl-gerfelin Anti-cell migration Glyoxalase I PNAS Makoto Kawatani 2008
FG-beads Thalidomide Teratogenicity Cereblon Science Takumi Ito 2010

Indirect
approach

DARTS Resveratrol Antioxidant eIF4A PNAS Brett Lomenick 2009
COMPARE analysis ZSTK474 Kinase inhibitor PI3K J. Netl. Can.

Inst.
Shin-ichi Yaguchi 2006

Connectivity Map Gedunin Anti-malarial activity HSP90 Cancer Cell Haley
Hieronymus

2006

Celasteol Growth inhibition HSP90 Cancer Cell Haley
Hieronymus

2006

Droxinostat Enhancing CH-11-induced
apoptosis

HDAC Mol. Cancer
Ther.

Tabitha E. Wood 2010

Proteomic profiling BNS-22 Growth inhibition Topoisomerase II Chem. Biol. Makoto Kawatani 2011
Morphological
profiling

Pseudolarix acid
B

Anti-fungal activity Microtubule Nat. Chem.
Biol.

Daniel W. Young 2008

Bisebromoamide Cytotoxicity Actin ACS Chem.
Biol.

Eriko Sumiya 2011

Miuraenamide A Anti-fungal activity Actin ACS Chem.
Biol.

Eriko Sumiya 2011

Metabolomic
profiling

Glucopiericidin A Filopodia inhibition Glucotransporter Chem. Biol. Mitsuhiro
Kitagawa

2010

Chemical-genetic
profiling

Papuamide B Anti-HIV activity Phosphatidylserine Cell Ainslie B. Parsons 2006
Leucascandrolide Cell growth inhibition Cytcrome bc1 complex Nat. Chem.

Biol.
Olesya A.
Ulanovskaya

2008

Theonellamide F Anti-fungal activity 3b-Hydroxysterols Nat. Chem.
Biol.

Shinichi
Nishimura

2010
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Tetrahydroisoquinoline DX-52-1, a semi-synthetic derivative of
quinocarmycin, was identified as an inhibitor of cell migration.20

By using biotinylated-DX-52-1, Fenteany and co-workers reported
that radixin was the primary target of DX-52-1.20 Radixin is a
member of the ezrin/radixin/moesin (ERM) family of membrane-
actin cytoskeleton linker proteins,21 and ERM family proteins have
been reported to bind to actin and various cell adhesion molecules,
such as CD44. To elucidate the involvement of radixin in DX-52-1-
inhibited cell migration, the authors investigated the effects of
DX-52-1 on cell migration in radixin-overexpressing or radixin-
knockdown cells. Overexpression of radixin made cells less sensi-
tive to the anti-migratory activity of DX-52-1, whereas radixin
knockdown using siRNA resulted in a reduced rate of cell migra-
tion, suggesting that radixin plays an important role in DX-52-1-
inhibited cell migration. To further address the biological function
of radixin in DX-52-1-inhibited cell migration, the authors exam-
ined the interaction between radixin and actin or CD44. They
found that DX-52-1 disrupted radixin’s ability to interact with both
actin and CD44, which resulted in an inhibition of cell migration.
On the other hand, although radixin was the most intensely labeled
protein by biotinylated-DX-52-1, three other less intensely labeled
proteins were also detected. Further research aimed at identifying
these other proteins found that galectin-3, a family of lectins, was a
secondary target of DX-52-1.15 Similar to radixin, overexpression
of galectin-3 decreased sensitivity to the anti-migratory activity
of DX-52-1, whereas knockdown of galectin-3 resulted in de-
creased cell motility and cell adhesion. These results also
suggested that galectin-3 plays an important role in DX-52-1-
inhibited cell migration. However, the functional correlation
between radixin and galectin-3 in cell motility and cell adhesion
remains unclear.

The natural product FR901464 was isolated from a fermenta-
tion broth of the bacterium Pseudomonas sp. as an anti-cancer com-
pound that enhances the transcriptional activity of the SV40
promoter, causes cell cycle arrest at the G1 and G2/M phases,22,23

and induces abnormal mRNA splicing. However, the molecular
mechanism of FR901464 was unknown. Yoshida et al. performed
a SAR study to identify which moiety of FR901464 could be at-
tached to biotin, without losing its biological activity. They suc-
ceeded in synthesizing a more potent methyl ketal derivative of
FR901464, named spliceostatin, and also in synthesizing biotinyla-
ted-spliceostatin. By using biotinylated-spliceostatin, they were
able to identify the SF3b complex, a subcomplex of the U2 small
nuclear ribonucleoprotein (snRNP) in the spliceosome, as a target
of spliceostatin. As SF3b has an important role in the U2 snRNP,
which binds to the mRNA branchpoint sequence, spliceostatin
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was shown to inhibit in vitro and in vivo splicing and promote pre-
mRNA (unspliced mRNA) accumulation by binding to SF3b. Fur-
thermore, spliceostatin leaks pre-mRNA into the cytosol, where it
is translated. This study showed that the inhibition of pre-mRNA
splicing during early steps involving SF3b allows unspliced mRNA
leakage and translation.16 Interestingly, SF3b was also identified as
a target of pladienolide by Mizui et al.17 Pladienolide was isolated
from the fermentation broth of Streptomyces platensis Mer-11107
as an anti-tumor macrolide, which was discovered by using a
cell-based reporter gene expression assay controlled by the human
vascular endothelial growth factor promoter.24–26 They first syn-
thesized fluorescence-tagged pladienolide to monitor the intracel-
lular localization of the target protein. HeLa cells treated with
fluorescence-tagged pladienolide showed localization of the pladi-
enolide to the granular structure in the nuclei. These granules
overlapped with the localization of splicing factor SF3b. Further-
more, SF3b was confirmed to be a target of pladienolide by purifi-
cation of the binding protein using biotinylated-pladienolide. Like
spliceostatin, pladienolide also inhibited in vivo splicing. These two
small molecules showed anti-tumor activity, and these studies
suggest that the SF3b complex is a potential anti-tumor drug tar-
get. Indeed, pladienolide is now in phase I clinical trials.

2.2. Affi-Gel tag

As well as the biotin affinity tag, purification of the target pro-
tein using Affi-gel is also an excellent strategy. The Affi-gel matrix
is able to directly link to the small molecule of interest. Thus, com-
pared with the biotin-affinity tag, the number of non-specific inter-
actions with the affinity matrix is reduced. Here, we highlight
target proteins of several bioactive small molecules which were
identified by using the Affi-gel system. Embryonic stem cells (ES
cells) provide an excellent in vitro system for the study of early
development and human disease. However, the mechanisms that
govern their self-renewal and differentiation are largely unknown.
Thus, small molecules that maintain self-renewal or promote
differentiation would be useful discoveries to understand self-
renewal and differentiation mechanisms. SC1, a derivative of
3,4-dihydropyrimido[4,5-d]pyrimidine, was identified to maintain
the undifferentiated phenotype of mouse ES (mES) cells by Ding
et al.27 To identify the cellular target of SC1, SC1 was linked at
the N1 position to an agarose affinity matrix via a polyethylene
glycol linker. Whole-cell lysates of mES cells were incubated with
this affinity matrix and the binding proteins were purified and ana-
lyzed by liquid chromatography–mass spectrometry (LC/MS). As a
result, the SC1-binding proteins were identified as ERK1 and
RasGAP. Direct binding of SC1 to ERK1 or RasGAP was confirmed
by surface plasmon resonance (SPR). Further biochemical and
cellular experiments suggested that SC1 works through dual inhi-
bition of ERK1 and RasGAP.

The mammalian target of the rapamycin (mTOR) signaling
network is crucial for the regulation of cell growth in response to
both growth factors and nutrients. Although carbon and nitrogen
sources, such as glucose and glutamine, are primary stimuli of
mTOR, the mechanism by which they stimulate the mTOR pathway
are still unknown. Thus, Schreiber and co-workers screened small
molecule modulators of mTOR signaling.28 From a collection of
�20,000 compounds in the library, they discovered quinostatin
as an inhibitor of mTOR signaling. Since the molecular target of
quinostatin was unknown, they carried out affinity chromatogra-
phy purification to identify this target protein. An analog of qui-
nostatin was prepared by attaching a polyethylene glycol linker,
and this polyethylene glycol-modified quinostatin was immobi-
lized to agarose beads. To isolate the target protein of quinostatin,
MCF7 cell lysates were incubated with the affinity reagent. After
LC/MS analysis, the target protein of quinostatin was found to be
the catalytic subunit of the class Ia PI3Ks.

Similarly, QS11, a purine derivative, that synergizes with a
Wnt-3a ligand in the activation of Wnt/b-catenin signal transduc-
tion, was shown to bind the GTPase activating protein of ADP-ribo-
sylation factor 1 (ARFGAP1) by using the Affi-Gel system. ARFGAPs
form a family of GTPase-activating proteins that regulate the small
GTPase ADP-ribosylation factors (ARFs). ARFGAPs promote ARF
inactivation by stimulating GTP hydrolysis, whereas guanine
nucleotide exchange factors of ARF (ARFGEFs) catalyze the forma-
tion of active GTP-bound ARFs. QS11 significantly increased the
levels of GTP-bound ARFs in NIH3T3 cells, suggesting that QS11
inhibited ARFGAPs. It has been reported that the activation of ARFs
promotes the dissociation of membrane-bound b-catenin.29 Thus,
QS11 was suggested to inhibit ARFGAP, thereby leading to an
increase in activated ARF and subsequent b-catenin translocation.
The released b-catenin accumulates and translocates to the
nucleus when cells are stimulated with Wnt-3a.

2.3. Phage display

Terpestacin was identified to inhibit the functional response to
hypoxia of human umbilical vein endothelial cells in vitro and
angiogenesis within the embryonic chick chorioallantonic mem-
brane in vivo.30 Furthermore, terpestacin has been shown to inhibit
hypoxia-induced HIF-1a and VEGF expression. These results indi-
cate that terpestacin inhibits hypoxia-induced tumor angiogenesis
via the inhibition of HIF-1a-mediated VEGF expression. To better
understand the cellular mechanisms of its anti-angiogenic activity,
Kwon et al. aimed to identify the target molecule for terpestacin by
using phage display biopanning.31 They first synthesized biotinyl-
ated-terpestacin, which was then immobilized on a streptavidin-
coated well plate, and four rounds of phage biopanning were
conducted using T7 phages expressing functional human cDNA
libraries. As a result, UQCRB, a 13.4 kDa subunit of complex III in
the mitochondrial respiratory chain,32 was identified as a terpest-
acin-binding protein. Knockdown of UQCRB by siRNA resulted in
inhibition of hypoxia-induced HIF-1a accumulation and VEGF
expression in HT1080 cells. These results suggest that UQCRB plays
a key role in the cellular oxygen-sensing and transduction systems.
This study provided a new insight into the oxygen-sensing role of
UQCRB in mitochondrial complex III.

2.4. Click chemistry

Affinity purification using biotin- or fluorescence-tagged small
molecules is a powerful tool for target identification, but biotin-
or fluorescence-modifications at the biologically active site of
interest can result in a complete loss of activity. To overcome this
problem, azide alkyne Huisgen cycloaddition chemistry (a com-
mon technique within so-called ‘click chemistry’) was adapted
for target identification. The advantage of using this approach is
that minimal structural modification is introduced to the small
molecule of interest, without any loss of biological activity. Once
the alkyne-derivatized small molecule is covalently bound to its
target protein, a tag (e.g., fluorescein-azide or rhodamine-azide)
can subsequently be attached via click chemistry.

Click chemistry was first adapted for live cell labeling by
Bertozzi et al.33 Jurkat cells were incubated with Ac4-ManNAz to
introduce SiaNAz residues into their cell-surface glycoproteins.
Then, the azide-modified cell-surface glycoproteins were labeled
with biotinylated cyclooctyne by using click chemistry. Therefore,
the azide-modified cell-surface glycoproteins could be analyzed by
flow cytometer with FITC-avidin. This is the first report to employ
the reaction for the selective chemical modification of living cells.
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Pezacki et al. used click chemistry reactions to identify the tar-
get protein of origamicin, an inhibitor of HCV replication.34 Small
molecules that interfere with host-viral interactions are potentially
powerful tools for elucidating the molecular mechanisms of path-
ogenesis and defining new strategies for therapeutic development.
Thus, Pezacki et al. screened for HCV replication inhibitors in their
established ABA ((+)-S-abscisic acid) library based on the plant
hormone ABA, a carotenoid-derived sesquiterpene. As a result,
origamicin was identified as an HCV replication inhibitor. Because
origamicin has an alkyne moiety in its structure, they exploited it
to conjugate both rhodamine for in-gel fluorescence experiments
and biotin for affinity chromatography experiments by using click
chemistry. The purified protein from using biotinylated-origamicin
was identified via LC–MS/MS as protein disulfide isomerase (PDI).

Stockwell et al. screened an inhibitor that suppresses cell death
induced by polyglutamine-expanded huntingtin exon 1 (a cell-
based model of Huntington’s disease) from a 68,887 small-
molecule library containing natural products and synthetic small
molecules.35 One hit was small molecule 16F16, and Stockwell
et al. synthesized both biotin- and fluorescein-tagged 16F16. How-
ever, the modified 16F16 lost its biological activity, so they then
used click chemistry. Lysates of PC12 were prepared and incubated
with alkyne-derivatized 16F16 to bind to a target protein. Alkyne-
derivatized 16F16 was coupled to rhodamine-azide via a click
chemistry reaction. Next, fluorescent-tagged target proteins were
affinity-purified, analyzed by SDS–PAGE and identified by MS as
rat PDI (protein disulfide isomerase) precursors, PDIA1 and PDIA3.
Expression of polyglutamine-expanded huntingtin exon 1 in PC12
cells caused PDI to concentrate at ER-mitochondrial junctions and
triggered apoptosis via mitochondrial outer-membrane permeabi-
lization. These studies demonstrated a novel strategy for identify-
ing target proteins of small molecules.

2.5. Photo-crosslink

An additional method for overcoming the problem of a loss of
biological activity of small molecules due to the presence of an
affinity tag is photo-crosslink. Osada et al. developed this new
method, which enables the introduction of a variety of small mol-
ecules onto solid supports through a photoaffinity reaction.36 In
this method, aryldiazirine groups covalently attached to solid sup-
ports are transformed upon UV irradiation into highly reactive
carbenes, which are expected to bind to or insert irreversibly into
proximal small molecules in a functional-group-independent man-
ner. Osada et al. applied this method to methyl-gerfelin,37 which
had been found to suppress osteoclastogenesis. To understand
the molecular mechanism by which this occurred, methyl-gerfelin
was immobilized on agarose beads via a photoaffinity linker which
they had developed. Binding proteins were purified and analyzed
by MALDI-TOF MS, and glyoxalase I (GLO1) was identified as a
methyl-gerfelin-binding protein. GLO1 knockdown interfered with
osteoclast generation, and methyl-gerfelin competitively inhibited
GLO1 enzymatic activity. These results suggest that methyl-
gerfelin targets GLO1, resulting in the inhibition of
osteoclastogenesis.

2.6. FG beads

Affinity purification using conventional matrices has several
disadvantages, including nonspecific binding of irrelevant proteins
to the affinity matrices and instability of these matrices. To
overcome these issues, Handa and co-workers designed nonporous
and physically stable, submicron-sized particles for affinity chro-
matography. In order to avoid nonspecific protein binding and to
allow easy surface modification, they used polymer materials as
components of the particles so that their surfaces possessed
moderate hydrophilicity and an appropriate functional group.
Based on these considerations, they developed high-performance
affinity magnetic beads (FG beads)38 and aimed to identify the tar-
get protein of thalidomide by using FG beads. Thalidomide was
sold as a sedative in many countries and was often prescribed to
pregnant women as a treatment for morning sickness. However,
use of thalidomide causes multiple birth defects such as limb,
ear, cardiac, and gastrointestinal malformations.39–41 Despite con-
siderable effort, little is known about the mechanisms underlying
these developmental defects caused by thalidomide. Handa et al.
identified cereblon (CRBN) as a thalidomide-binding protein by
using FG beads.42 CRBN was originally identified as a candidate
gene for autosomal recessive mild mental retardation.43 Although
CRBN was reported to interact with DDB1,44 which is a component
of E3 ubiquitin ligase complexes containing Cullin 4 (Cul4A and
Cul4B),45 the functional relevance of this interaction remained un-
clear. Based on this information, they demonstrated that CRBN
forms an E3 complex with DDB1 and Cul4A. Furthermore, thalido-
mide inhibited E3 ubiquitin ligase activity of the CRBN-containing
complex due to its binding to CRBN. Next, to investigate whether
the teratogenic effect of thalidomide could be observed in CRBN-
knockdown animals, Handa et al. used zebrafish. CRBN-knockdown
zebrafish by use of morpholino oligonucleotides exhibited specific
defects in fin and otic vesicle development, which was a similar
phenotype to those of thalidomide-treated embryos. Thus, thalido-
mide was shown to exert its teratogenic effects by binding to CRBN
and inhibiting the associated ubiquitin ligase activity.
3. Indirect approach

Affinity chromatography is the most used and most successful
method for identifying biological targets of multiple small mole-
cules of interest. However, target identification using affinity chro-
matography begins with a structure–activity relationship (SAR)
study, because we have to know which site(s) are nonessential to
use as points of attachment to an affinity tag (e.g., biotin) or solid
matrix (e.g., Affi-Gel agarose beads). Therefore, the primary limita-
tion of affinity chromatography is the need to synthesize deriva-
tives of small molecules. SAR studies are time-consuming and
require extensive medicinal chemistry expertise. Furthermore,
since biologically-active small molecules demonstrate vast struc-
tural diversity and complexity, many small molecules cannot be
modified without affecting bioactivity, or cannot be easily obtained
or synthesized in quantities large enough to permit SAR and subse-
quent studies. Because of these issues, target identification of small
molecules using affinity chromatography is severely limited. This
section highlights several ‘Indirect Approaches’ to overcome the
limitations of the previously listed ‘Direct Approaches’ (Figs. 1B
and 3).
3.1. DARTS (drug affinity responsive target stability)

To overcome the limitations of affinity chromatography de-
scribed above, Huang and co-workers developed DARTS (Fig. 4).
The strategy of DARTS is based on the principle that binding of
drugs will stabilize target proteins, either globally or locally, for
example, in a specific conformation or simply by masking protease
recognition sites, thereby reducing the protease sensitivity of the
target protein.46–48 Thus, Huang et al. hypothesized that this could
be exploited for target identification without requiring modifica-
tion or immobilization of the small molecules. As a proof-of-
principle, they first demonstrated that DARTS could identify
FKBP12 as an FK506-binding protein.49 Next, they aimed to apply
DARTS to identify a molecular target of resveratrol, a small



Figure 3. Structure of small molecules whose targets were identified by the ‘Indirect Approach’.
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molecule in red grapes and wine known for various health benefits
including lifespan extension.50

Yeast cell lysates or human HeLa cell lysates were treated with
resveratrol in vitro, followed by thermolysin digestion and silver
staining after separation by SDS–PAGE. Bands of resveratrol-
treated lysate protected from thermolysin digestion were analyzed
by MS, and were identified as eIF4A (eukaryotic translation initia-
tion factor 4A), a component required for the binding of mRNA to



Figure 4. Schematic illustration of DARTS. Yeast or mammalian cultured cell lysates were prepared and treated with small molecules of interest in vitro, followed by protease
digestion and silver staining after separation by SDS–PAGE.
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40S ribosomal subunits. Purified wild-type eIF4A could be pro-
tected by resveratrol from proteolysis, suggesting that resveratrol
directly bound to eIF4A. Furthermore, to address whether eIF4A
is a target of resveratrol in vivo, they investigated the effect of res-
veratrol on EMCV IRES-mediated and HCV-mediated translation.
Since it has been demonstrated that eIF4A is required for EMCV
IRES-mediated translation but not HCV IRES-mediated translation,
it follows that resveratrol inhibited EMCV-mediated but not HCV-
mediated translation in HEK293 cells. These results indicated that
resveratrol inhibited the biological function of eIF4A in vivo. On the
other hand, because resveratrol extends lifespan,50 they asked
whether eIF4A is required for resveratrol’s longevity effect.
Whereas resveratrol lengthens the lifespan of wild-type N2 worms,
this longevity effect is lost in eIF4A knockdown worms. These data
suggested that eIF4A is a physiological target of resveratrol.
Because DARTS does not require labeled small molecules and in-
stead uses ‘native’ small molecules for binding, it is not limited
by chemistry and can potentially be used for any small molecules.

3.2. Profiling

Apart from traditional target identification techniques such as
affinity chromatography, new tools have emerged that can signifi-
cantly aid mechanism elucidation efforts. The development of pat-
tern matching algorithms that compare transcription profiles, drug
susceptibility profiles, or morphological profile data, for example,
to analogous data on compounds with known cellular targets,
allow for mechanistic insights without the need to synthesize
chemically-modified probes. Therefore, we next focus on new ap-
proaches using these pattern matching and chemical genomic
tools.
3.3. COMPARE analysis

The National Cancer Institute established a panel of 60 human
cancer cell lines (NCI60) derived from various organs. In a
COMPARE analysis, the pattern of toxicity of small molecules to
the NCI60 cell line panel is compared. Small molecules that have
similar patterns of toxicity are highly correlated in the COMPARE
algorithm; such a result suggests the small molecules have a similar
mechanism of action, and indeed COMPARE has been successfully
used in target identification studies. For example, 2-piperidyl ana-
logues of natural indole phytoalexins, 1-methoxyspirobrassinols,
and N-((1-benzyl-1H-1,2,3-trizol-4-yl)methyl)arylamide were re-
ported to decrease intracellular glutathione levels51 and inhibit
tubulin polymerization,52 respectively. Phytoalexins are small mol-
ecules naturally produced by plants. Various indole phytoalexins
have been shown to exhibit anti-tumor activities. However, the
anti-proliferative activity of most indole phytoalexins had been lim-
ited to certain cancer cells, and their mode of action has not been elu-
cidated. Therefore, in order to achieve higher potency, new
derivatives of indole phytoalexins have been synthesized. McDonald
et al. synthesized 2-piperidyl analogues of indole phytoalexins, cis-
1-Boc-, trans-1-Boc-, cis-1-methoxy- and trans-1-methoxy-2-
deoxy-2-(1-piperidyl)spirobrassinols, and these derivatives exhib-
ited a more favorable growth-inhibitory effect on some cancer cells
than their parent compounds. Furthermore, to elucidate their mode
of action, McDonald et al. performed COMPARE analysis with the
NCI60 cell line panel. As a result, the profiles of their synthesized in-
dole phytoalexins showed similar patterns with small molecules
that deplete intracellular glutathione level, such as N-methylforma-
mide and L-buthionine sulfoximine (BSO). Indeed, their synthesized
indole phytoalexins decreased intracellular glutathione levels in
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MCF-7 cells. Since glutathione is often involved in the resistance of
cancer cells to radio- and chemotherapy, these small molecules with
remarkable glutathione-depleting potency may be developed as
radio- or chemo-sensitizing agents. A series of N-((1-benzyl-1H-
1,2,3-trizol-4-yl)methyl)arylamides are synthetic derivatives of
mycobactin S, a natural product produced by Mycobacterium
smegmatis that exhibits anti-tuberculosis activity.53 Moller et al.
found that their synthesized derivatives showed anti-proliferative
effects against human cancer cell
lines. To evaluate the mode of action of N-((1-benzyl-1H-1,2,3-
trizol-4-yl)methyl)arylamides, they performed COMPARE analysis
with the NCI60 cell line panel. COMPARE analysis revealed that N-
((1-benzyl-1H-1,2,3-trizol-4-yl)methyl)arylamides correlated with
paclitaxel, vinblastine, and rhizoxin, all of which affect
microtubule polymerization. Although further studies confirmed
that N-((1-benzyl-1H-1,2,3-trizol-4-yl)methyl)arylamides inhib-
ited microtubule polymerization in vitro and in vivo and induced
G2/M cell cycle arrest, the mechanism by which N-((1-benzyl-1H-
1,2,3-trizol-4-yl)methyl)arylamides inhibit microtubule polymeri-
zation still remains unclear.

Similar to the NCI60 cell line panel, Yamori et al. established a
panel of 39 human cancer cell lines (termed JFCR39) coupled to a
drug activity database. By using the JFCR39 database, they found
that ZSTK474 exhibited similar responses to the PI3K inhibitor
LY294002, suggesting that ZSTK474 is a new PI3K inhibitor.54

Indeed, ZSTK474 was found to directly inhibit PI3K activity more
efficiently than the PI3K inhibitor LY294002. Molecular modeling
of the PI3K-ZSTK474 complex indicated that ZSTK474 could bind
to the ATP-binding pocket of PI3K. These studies strongly suggest
that this approach can be used to predict the molecular target or
the mode of action of small molecules.

3.4. Connectivity Map database

Whole-genome transcript profiling has emerged as powerful
tool to investigate the effects of small molecules on cells. The Con-
nectivity Map database, developed at the Broad Institute, is a pub-
licly accessible database comprised of gene expression data of cells
treated with small molecules.55 The transcript profile data of a
compound of interest is compared to analogous data that has been
collected on hundreds of small molecules with known molecular
targets. The Connectivity Map database has been utilized in
mode-of-action studies of several small molecules. For example,
droxinostat was first identified as sensitizing malignant cells to
the CH-11 Fas-activating antibody.56 However, the Connectivity
Map database revealed that the transcript profile of droxinostat
showed a similar response to that of the HDAC inhibitors vorino-
stat and trichostatin A. Further cell-based and in vitro assays
showed that droxinostat is a novel HDAC inhibitor that is selective
for HDAC3, HDAC6, and HDAC8 through its hydroxamic acid moi-
ety. To further explore the effects of HDAC inhibitions on Fas sen-
sitization, Schimmer et al. knocked down HDACs with shRNA. As a
result, HDAC8 knockdown enhanced sensitivity to Fas. Further-
more, droxinostat or HDAC8 knockdown was shown to decrease
FLIP mRNA, a caspase-8 inhibitory protein. These results suggested
that droxinostat decreased FLIP via HDAC inhibition, which re-
sulted in sensitization to Fas-induced apoptosis. However, it is un-
clear whether HDACs inhibition by droxinostat would directly or
indirectly decrease FLIP expression. Other examples include gedu-
min and celastrol. These two small molecules were identified as
inhibitors of androgen receptor (AR)-activated signaling in prostate
cancer by a high-throughput cell-based screening.57 The Connec-
tivity Map database revealed that these compounds were predicted
to have a similar mode of action to the heat shock protein 90
(HSP90) inhibitors geldanamycin, 17-dimethylamino-geldanamy-
cin and 17-allylaminogeldanamycin. It has been reported that the
androgen receptor is a client of HSP90, and HSP90 inhibitors in-
duced AR degradation. Thus, gedunin and celasteol were predicted
to inhibit AR signaling by inhibiting HSP90. Indeed, these two com-
pounds induced the down-regulation of AR and several other
HSP90 client proteins. Furthermore, these two small molecules
inhibited ATP binding to HSP90. However, since gedunin and celas-
teol did not compete for the ATP-binding site, gedunin and celaste-
ol seem to have distinct mechanisms from geldanamycin. These
studies suggested that the Connectivity Map database could also
be used to predict the molecular target or the mode of action of
small molecules.

3.5. Proteomic profiling

Compared with gene expression profiling like the Connectivity
Map database which can simultaneously measure the expression
of more than 20,000 genes, proteome analysis provides us with
only �1000 protein spots. However, two-dimensional gel electro-
phoresis (2DE) analyses often show us any change in molecular
weight or isoelectric point of proteins after posttranslational mod-
ification as a clear mobility shift of protein spots. Because biologi-
cally active small molecules affect cellular processes and induce
changes in both the expression level and modification of proteins,
proteome profiling is an informative approach for investigating the
effects of a small molecule. Osada and co-workers developed a new
proteomic profiling system to predict the target protein of small
molecules of interest.58 To compare the proteomic pattern with
small molecules whose targets are known, HeLa cells treated with
each small molecule were analyzed by 2D-DIGE, and hierarchical
clustering was performed. For example, radicicol and geldanamy-
cin (structurally different HSP90 inhibitors), showed a similar pro-
teome pattern, suggesting that this proteomic profiling system
discriminates small molecules by mechanism of action. Indeed,
the proteomic profiling analysis of BNS-22, a chemically synthe-
sized derivative of the natural plant product GUT-70, showed that
BNS-22 belongs to the same cluster as ICRF-193, a DNA topoiso-
merase II (TOP2) catalytic inhibitor. Further biochemical studies
confirmed that BNS-22 targets and acts as a catalytic inhibitor of
TOP2.59

3.6. Morphological profiling

A recent and rapidly developing technology is high content
screening (HCS) that combines automated microscopy with image
analysis, enabling phenotypic profiling of small molecules based
on the activity of cells visualized by fluorescence cytology. Feng
et al. introduced factor analysis as a data-driven tool for defining
cell phenotypes and profiling small molecule activity.60 They used
a high-content image assay to screen and profile a library of 6547
small molecules derived from a diversity library (21%), a natural
products library (58%) and a library of known bioactive small mol-
ecules (21%); all small molecules were assayed in HeLa cells to
monitor cell proliferation, and to profile their cell cycle phenotype,
using fluorescent probes for DNA (Hoechst 33342 dye), mitosis
(anti-phosphoH3) and DNA replication (EdU; 5-ethyl-2-deoxyuri-
dine). Images were automatically acquired and at least 500 cells
were scored per treatment. They found that six factors (nuclear
size, DNA replication, chromosome condensation, nuclear mor-
phology, EdU texture, and nuclear shape) are sufficient to describe
the biological responses. Profiling the small molecule library using
these six factors resulted in the clustering of hits into seven pheno-
typic categories. Feng et al. then compared the phenotypic profiles,
chemical similarity and predicted protein-binding activity of these
small molecules. For instance, within the subcluster from the mito-
tic arrest phenotype, which is primarily characterized by high
chromosome condensation, the authors observed four distinct
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groups of structurally related small molecules; colchicine deriva-
tives, a set of novel kinase inhibitors, quinolone derivatives and a
pseudolarix acid B derivative. All of these small molecules have
been reported to affect microtubules polymerization.61–63 Indeed,
they demonstrated depolymerization of microtubules and mitotic
arrest in cells treated with each of the colchicine, quinolone and
pseudolarix acid B derivatives.

Further cell morphological profiling has revealed bisebromoa-
mide and miuraenamide A as actin filament stabilizers. Uesugi
et al. used automated high-content image analysis to evaluate
the morphology of cells exhibiting nuclear protrusion.64 Actin-
targeting small molecules decreased cytoplasmic area up to
�70%, and increased the distance between the centroid of the nu-
cleus and the centroid of the entire cell. When those two parame-
ters were plotted against each other, points for the seven known
actin-targeting small molecules, cytochalasin D,65 doliculide,66

jasplakinolide,67 latrunculin A,68 mycalolide B,69 seragamide A,70

and swinholide A,71 were clustered together. Based on this
morphological profiling, the target of bisebromoamide and
Figure 5. Comparison of a chemical-genetic profile to a compendium of genetic intera
molecules. Conceptually, the comparison of a chemical-genetic profile to the genetic inte
by small molecule treatment. For example, deletion mutants del2, del5, del6 and del8 a
defect when combined with deletion alleles del2, del5, del6 and del8. Here, the chemic
identifying the product of gene C as a putative target of compound X.
miuraenamide A, marine natural products whose targets were pre-
viously unknown,72–75 were predicted to be actin stabilization. In-
deed, they showed that bisebromoamide and miuraenamide A
stabilized actin filaments in vitro, and fluorescein-conjugated bise-
bromoamide localized specifically to actin filaments in cells.

3.7. Metabolomics profiling

Metabolomic technologies have advanced tremendously in re-
cent years, and capillary electrophoresis time-of-flight mass
spectrometry (CE-TOFMS) has emerged as a powerful new tool
for the comprehensive analysis of cellular metabolites.76,77 The
use of CE-TOFMS to understand global metabolism at the system
level has become widespread.78–81 Analysis of the metabolome
with CE-TOFMS also reveals metabolic changes induced by small
molecules. Thus, despite a lack of reports describing the identifica-
tion of chemical inhibitor targets using metabolomic analysis, such
efforts would be worthwhile. We screened bioactive compounds
that inhibit cellular filopodia protrusion in carcinoma. Filopodia
ction (synthetic lethal) profiles could identify pathways and target genes of small
raction (synthetic lethal) profiles should identify the pathways and targets inhibited
re hypersensitive to compound X and a mutation in query gene C leads to a fitness
al-genetic profile of compound X resembles the genetic profile of gene C, thereby
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are spike-like cell membrane projections contributing to tumor
metastasis; however, the molecular mechanisms controlling filo-
podia protrusion are complicated and unclear.82,83 Thus, the dis-
covery of a filopodia inhibitor and its molecular target which
could be employed in chemical genetic studies may lead to a fuller
understanding of filopodia, contributing to the treatment of tumor
metastasis. In the course of screening filopodia protrusions from
microbial origin, glucopiericidin A was isolated. Biochemical stud-
ies raised the possibility that glucopiericidin A would be an inhib-
itor of glycolysis. To address whether glucopiericidin A actually
perturbs glycolysis, the effect of glucopiericidin A on global metab-
olism and on glycolysis was assessed by measuring the metabolo-
me using CE-TOFMS. CE-TOFMS provided strong evidence that
glucopiericidin A suppresses glycolysis by functionally targeting
the glucose transporter. Our results represent a success of molecu-
lar target identification using metabolomics analysis.84

3.8. Chemical-genetic profiling in yeast

In yeast Saccharomyces cerevisiae, �6000 potential genes have
been characterized by the genome sequencing project. As each
gene has been deleted, �1000 essential genes and �5000 viable
deletion mutants were identified. Boone et al. generated a compen-
dium of ‘chemical-genetic interaction’ profiles from scoring �5000
viable yeast haploid deletion mutant strains for hypersensitivity to
a diverse set of small molecules.85 In addition, they also generated
‘genetic interaction (synthetic lethal)’ profiles by testing viabilities
in each double gene-mutant combination. Conceptually, the com-
parison of a chemical-genetic profile to the genetic interaction
(synthetic lethal) profile should identify the pathways and targets
inhibited by small molecule treatment (Fig. 5).

Boone et al. generated chemical-genetic profiles for 82 different
conditions by testing the collection of viable yeast haploid deletion
mutants for hypersensitivity to 82 small molecules, including 75
synthetic and natural products and 7 crude antifungal extracts
derived from different marine sponges and microorganisms.86

The set of chemical-genetic profiles, visualized by
two-dimensional hierarchical clustering, revealed that small mole-
cules with similar cellular effects showed similar chemical-genetic
profiles. Examples include (i) actin binding agents latrunculin B87

and cytochalasin A;88 (ii) cell wall synthesis inhibitors stauro-
sporine, which targets protein kinase C, a regulator of a MAP kinase
cascade involved in cell wall metabolism,89 and caspofungin,
which inhibits 1,3 b-glucan synthase;90 (iii) radicicol and geldana-
mycin—although structurally unrelated, both act as highly
selective inhibitors of Hsp90 function through their ability to bind
within the ADP/ATP binding pocket of the chaperone.91

Interestingly, the chemical-genetic interactions of amiodarone, an
antifungal and anti-arrhythmic small molecule, clusters with
tamoxifen, a competitive inhibitor of estradiol binding to the estro-
gen receptor and a common breast cancer drug. This is notable, as
the antifungal activity of amiodarone is the perturbation of calcium
homeostasis,92 and tamoxifen seems to produce an increase in
cytosolic Ca2+ in yeast. Indeed, both amiodarone and tamoxifen
triggered the reporter activity driven by calcineurin-dependent re-
sponse element (CDRE), suggesting that tamoxifen is a potent acti-
vator of calcineurin signaling. Furthermore, two natural product
extracts (prior to purification of the active component) that were
derived from different organisms and diverse locations, from a
sea cucumber from the Commonwealth of Dominica and an Indo-
nesian marine sponge, showed highly similar chemical-genetic
profiles. After purification, the active components were identical
to stichloroside93 and theopalauamide,94 respectively. Both of the
purified small molecules display chemical-genetic profiles
resembling those of their crude extracts, suggesting that
chemical-genetic profiling is an effective means for functional
classification of natural product extracts. Taken together, Boone
et al. demonstrated the potential for integration of chemical-genet-
ic profiles and genetic interaction profiles to provide information
about the pathways and targets affected by bioactive small
molecules.

Another example was reported by Yoshida et al.95 Theonella-
mides are members of a unique family of bicyclic dodecapeptides
isolated from a marine sponge, Theonella sp. These small molecules
show broad antifungal activity as well as moderate cytotoxicity in
mammalian cells.96,97 Despite screens for binding proteins using
theonellamide A affinity beads, their target molecules remain
unknown.98 Therefore, to evaluate the mode of action of theonella-
mide, Yoshida et al. generated a chemical-genomic profile of
theonellamide F, bicyclic peptides derived from a marine sponge,
using a collection of fission yeast strains in which each open
reading frame (ORF) is expressed under the control of an inducible
promoter (fission yeast ORFeome overexpression strain collec-
tion).99,100 The overexpression strains were exposed individually
to theonellamide F and a compendium of 10 reference small mol-
ecules with known targets at various concentrations. Strains show-
ing a significantly altered sensitivity compared to the control strain
were selected. Cluster analysis of the Gene Ontology (GO) terms
associated with the genes that alter small molecule sensitivity sug-
gested a mechanistic link between theonellamide and 1,3-b-D-glu-
can synthesis. Overproduction of 1,3-b-D-glucan was induced by
theonellamide F in a Rho1-dependent manner. Furthermore, by
using a fluorescent theonellamide derivative, theonellamides were
shown to specifically bind in vitro to 3b-hydroxysterols, including
ergosterol, and cause membrane damage. Taken together, these re-
sults show that theonellamides are a new class of sterol-binding
molecules that induce membrane damage and activate Rho1-
mediated 1,3-b-D-glucan synthesis.
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