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Target-Molecule Identification

l dentification and confirmation of bioactive small-molecule targets is
a crucial, often decisive step both in academic and pharmaceutical
research. Through the development and availability of several new
experimental techniques, target identification is, in principle, feasible,
and the number of successful examples steadily grows. However,

a generic methodology that can successfully be applied in the majority
of the cases has not yet been established. Herein we summarize current
methods for target identification of small molecules, primarily for

a chemistry audience but also the biological community, for example,
the chemist or biologist attempting to identify the target of a given
bioactive compound. We describe the most frequently employed
experimental approaches for target identification and provide several
representative examples illustrating the state-of-the-art. Among the
techniques currently available, protein affinity isolation using suitable
small-molecule probes (pulldown) and subsequent mass spectrometric
analysis of the isolated proteins appears to be most powerful and most
frequently applied. To provide guidance for rapid entry into the field
and based on our own experience we propose a typical workflow for
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Notably, small molecules modulate
but do not change biological systems.

target identification, which centers on the application of chemical
proteomics as the key step to generate hypotheses for potential target

proteins.

1. Introduction

The use of bioactive small molecules for the treatment of
disease is an integral part of human culture. In past centuries
these drugs often were applied either as single molecular
entities or even as mixtures without detailed knowledge of
their mode of action. For example, the active components of
plant extracts used to treat various diseases often were
unraveled only after decades and centuries. Since the 19th
century, major advances in organic synthesis methodology
and in compound isolation, including the ability to isolate
natural products from complex mixtures, increasingly give
access to potentially bioactive small molecules. This accessi-
bility and the possibility to modify their structure through the
power of organic synthesis have greatly promoted their use as
research tools to elucidate biological phenomena, and in
extension, to inspire medicinal chemistry and drug discovery.
The use of small molecules offers several opportunities
usually not shared by classical genetics methods: They act
rapidly such that the consequences of treatment with them
often can be recorded after only minutes or seconds. Their
effects are tunable, for example, different concentrations of
the compound or duration of treatment may give rise to
graded phenotypes. Their influence is reversible and provides
temporal control of protein function because the small
molecules usually can be washed out or are metabolized.
Small molecules can be used conditionally, that is, at any point
in the time chosen for application. Thereby they allow
proteins to be targeted whose mutation, knock-out, or
knock-down would be lethal which may be of particular
importance in the analysis of developmental processes.
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Whereas a gene knock-out will com-
pletely remove the protein and thereby
change a given biological system, small
molecules will not. In addition they
may modulate only one or selected
functions of the protein in question. As
a result of these properties, the use of small molecules in the
study of biology may offer alternatives to established
biological methodology or provide entirely different oppor-
tunities to gain new insight. Consequently, the identification
and synthesis of bioactive small molecules that specifically
target proteins in the context of the cell or an organism are at
the heart of chemical biology research.

However, while current genetics methods basically allow
each gene of interest to be targeted, its chemical-biological
counterpart (chemical genetics) is far from its ultimate goal of
identifying a chemical modulator for each gene product of
interest and their possibly different functions. By analogy to
classical genetics, in chemical genetics a forward (or pheno-
type-based) and reverse (or target-based) approach can be
employed.!" Initially in reverse chemical genetics, modulators
of given proteins are identified and then employed to study
protein function in cellulo or invivo. This approach was
successfully applied for many protein classes, for example,
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enzymes and receptors and for protein—protein interactions.”
In forward chemical genetics first the modulation of living
systems (cells or organisms) by compounds is recorded for
example, by means of a reporter-gene activity, a fluorescence
signal, or phenotypic changes detected by means of imaging
methods, and only subsequently are the biological targets
identified. Whereas reverse chemical genetics offers the
opportunity to identify compounds with known protein
targets of interest, the forward approach usually does not
provide direct information about the target(s). Instead it calls
for the development of powerful methods for the identifica-
tion of one or a few cellular targets from the complex mixture
of biomolecules present in cells. The human proteome
comprises of approximately 20000 proteins,” and in addition,
nucleic acids, carbohydrates, or lipids may be the targets of
bioactive small molecules. Thus, the search for cellular targets
may well be regarded as a quest for a needle in a giant
haystack.

In recent decades much progress was made in establishing
methods for the identification of the cellular targets of small
molecules. However, a generally applicable methodology that
would allow a generic workflow to be defined that can
successfully be applied in the majority of the cases—similar to
workflows in the separation of individual small molecules
(e.g. natural products) from complex mixtures—has not yet
been established. This deficit may be due to the different
chemical nature of small bioactive molecules (e.g. hetero-
cycles vs. carbohydrates and carbocycles) and their varying
affinity for targets, the different nature of the target proteins
(e.g. membrane-bound vs. cytosolic proteins), and their
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varying abundance, and, in addition, a result of analytical
methods not being sufficiently developed (e.g. very recent
developments in mass spectrometry have significantly
advanced target identification methodology). Because of
this lack of methodology, in many cases target identification
is the most challenging step and the most limiting bottleneck
in a chemical biology research program. However, despite
this limitation, phenotype-based approaches are increasingly
being followed in academia and the pharmaceutical indus-
try. Cell-based screens monitor the influence of a compound
on a complex living system in its entirety. Compounds
identified in such assays have the proven ability to modulate
such complex systems in the desired manner, a property not
necessarily shared by hits obtained from target-based screens
which need to be confirmed in cellular assays first.
Therefore, chemical-biology programs initiated with cell-
based searches, for example, unbiased phenotypic screens
promise to identify small molecules with various properties
already encoded, most notably biological relevance and the
ability to modulate the complex biological system in the
desired predefined manner. One of the main characteristics of
target-based approaches is the focus on known (drug) targets.
Sequencing of the human genome has revealed all the
proteins coded. To date, only approximately 2% of all the
predicted proteins have been targeted with small molecules
and the estimated fraction of “druggable” proteins is approx-
imately 15%.°) Drug targets addressed today mostly repre-
sent selected protein classes, such as kinases, proteases, G-
protein coupled receptors (GPCRs), ion channels, and
receptors. There is an increasing demand for novel protein
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targets that can be modulated by small molecules. The
unbiased forward chemical genetics approach holds great
promise in this regard because it identifies a desirable
phenotype, bioactive hits, and potentially also novel targets
simultaneously.

The identification of molecular targets is not only of
interest to elucidate the mode of action of compounds, it may
also be employed to identify so-called “off-targets” of known
compounds and drugs, that is, additional target proteins which
may give rise to undesired biological activity and toxicity.
However, in contrast to this perception of undesirable “off-
targets”, the concept of “polypharmacology”, that is, the
notion that drugs may need to target several proteins
simultaneously for efficacious disease modulation, as opposed
to the concept of “one gene, one drug, one disease” is gaining
increasing acceptance.’! This change in concept might fuel
a new wave of investigations and development in the
pharmaceutical industry following this new idea.l”” The
principle of polypharmacology is supported by observations
from functional genomics studies in yeast, which revealed that
many gene knock-outs have a minor or no phenotypic effect,
for example, approximately 19 % of the genes were essential,
whereas the knock-out of only 15% showed an influence on
yeast growth.® In addition, several knock-out studies in mice
demonstrate that living organisms are robust,””! a result of
redundant protein functions and the existence of alternative
signaling pathways. The need to overcome this robustness
suggests that in drug discovery instead of searching for
disease-causing genes and proteins, suitable perturbations of
entire disease causing networks as a whole should be in focus.
Simultaneous deletion or modulation of several genes or gene
products might be required to overcome the robustness of
a biological system. This concept is further supported by the
existence of genetic interactions such as synthetic sickness or
synthetic lethality.’] Thus, polypharmacology may not be an
undesired feature of biologically active compounds but rather
may account for their activity and efficacy at reduced
toxicity.['%)

By analogy to the identification of functional targets the
quest for “off-targets” also calls for the development of
powerful methodologies to identify the proteins bound and
modulated by bioactive small molecules. To this end, in
addition to experimental approaches, powerful computational
methods for prediction of drug targets based on structural
similarity are emerging."-'"!

In this Review we give an overview of current method-
ology for target identification of small molecules. We
primarily address a chemistry audience with the intention to
provide a reference or an entry point, for instance for the
interested chemist possibly faced with the request or inspired
by the wish to identify the target of a given compound
synthesized or identified in an ongoing research program, for
example, a potent natural product. We first describe the most
frequently applied experimental approaches for target iden-
tification and then provide several representative examples
illustrating the state-of-the-art. They may serve as prototypic
role model examples for successful chemical biology attempts
to find the needle in the biological haystack of the cell. The
Review is not meant to be comprehensive. In Table 1 (see
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Section 7: Appendix) and in the Supporting Information we
provide a selection of bioactive small molecules, their targets
and the approaches employed for their identification. For
further examples the reader is referred to additional Review
articles.!

2. Approaches to Target Identification

The currently most frequently employed approaches for
target deconvolution can be divided into proteomics-, genet-
ics-, and bioinformatics methods as well as comparative
profiling-based approaches.!"'*1 Tn this Review we summa-
rize and describe the most important of these individual
approaches to target identification. In practice, techniques,
such as activity-based proteome profiling (ABPP) and
standard affinity pulldowns in connection with quantitative
proteomics methods are far more widely used compared to
elaborated biochemical and genetic techniques. Later in this
Review, we discuss novel strategies to unravel the mode of
action of bioactive compounds for which usually only a few
examples have been described. Although these methods are
discussed separately, we stress that they should be regarded as
being complementary. Their combined application might
generate a more complete picture of small-molecule—protein
interactions in cells.!"’!

2.1. Affinity Chromatography

Affinity-based proteomics (“pulldown”) is one of the
most widely applied methodologies to identify the targets of
biologically active compounds (for a general outline of the
method see Figure 1a). The pulldown probe is immobilized
on a solid phase and exposed to a protein extract (e.g. cell
lysate) to bind the target protein(s). Subsequently, proteins
that bind non-specifically to the probe and the matrix are
removed by stringent washing prior to release of the bound
proteins by means of elution with the bioactive molecule or by
heating. The target proteins then typically are identified by
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis), tryptic digestion and identification of the
resulting peptides by MS/MS (mass spectrometry/mass spec-
trometry) analysis.

2.1.1. Probe Synthesis

For a pulldown experiment the compound of interest
needs to be modified to allow its immobilization on a matrix.
To this end, a linker with a functional group or affinity
function is attached to the compound such that target-protein
binding is not impaired or only impaired to a tolerable extent.
Hit identification is usually followed by investigation of the
activity of structurally similar compounds which allow
a structure—activity relationship (SAR) to be delineated and
a site for attachment of the linker which tolerates substitu-
tions and/or variation without significant loss in activity to be
identified. For example, the attachment of a linker at two
distinct positions in cGMP (Figure 2) led to the isolation of
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Figure 1. a) Principle of affinity-based proteomics for target identification 1) using control beads or 2) competition with unmodified compound.

b) Serial affinity chromatography (see Section 2.1.8).
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Figure 2. Structural formula of cGMP derivatives immobilized at differ-
ent positions; gray sphere =bead.!""

different proteins, which reflects the different nature and
coupling positions of the compound.!'*!

Frequently, for example, when working with natural
products (NPs), structure—activity relationship studies are
hampered by structural complexity of the hit or lack of total
synthesis routes to access and modify the hit. In such cases
functional groups in the hit compound may be employed to
introduce modifications™ which limit types of and sites of
modification. Alternatives for target deconvolution of com-
pounds without extensive structure—activity relationship
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studies are the use of immobilized photoreactive linkers
which, upon irradiation, generate reactive intermediates to
photo-crosslink small molecules to a solid surface (see also
Section 2.1.9)!'%! or label-free approaches (see Section 2.3).

2.1.2. Linkers

The attachment of a linker (spacer) to a small molecule to
be employed in a pulldown experiment is obligatory not only
due to the incorporation of a functional group required for
immobilization but mainly to avoid steric interference of the
matrix and the target proteins. Among the reported linkers
are alkyl groups”! di- or triethylene glycol groups,™
peptides,™™ the aminocaproylaminopentyloxy (ACAP)
group,”! divalent epoxides (ethylene glycol diglycidylether,
EGDE),” and tartaric acid® (Figure 3a). The hydrophobic
alkyl linkers may favor non-specific binding of proteins to the
pulldown probe which will increase the complexity of the
protein mixtures to be analyzed and thereby may hamper the
detection and/or identification of the target proteins. Usually,
a hydrophilic spacer is the linker of choice with di- or
triethylene glycol ethers most often used. The rod-like
polyproline linker was designed to overcome some of the
drawbacks associated with the use of ethylene glycol linkers
(shorter length and thus binding of bulky proteins might be
hindered). It is more rigid, longer, and allows binding of bulky
proteins."™ The tartaric acid linker was reported to decrease
unspecific binding in comparison to oligoethylene glycol-
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moiety®” (6; Figure 3b). Cleavage
allows the release of only those

\@Q proteins that bind to the probe
(\@\ while proteins that unspecifically
A0 bind to the solid phase remain

immobilized. The main disadvant-
age of thiol-based/acid-labile link-
ers is the requirement for a strong
acid (e.g. trifluoroacetic acid, TFA)
which is not compatible with
a direct release of proteins from
the resin since nonselective release
can also occur. In addition, TFA
needs to be removed prior to mass
spectrometry analysis.*¥ Disulfide
linkers are not compatible with
buffers containing reducing
reagents such as dithiothreitol
(DTT). Peptide-based linkers may
suffer from inefficient proteolytic
cleavage and thus limited release
of bound proteins.

2.1.3. Functional Groups and Affinity
Tags for Immobilization

To ensure the immobilization
of a pulldown probe either alone or
in complex with bound proteins it
should include either a functional

0 1 2 3 group for covalent attachment to
| j\ ; j’\ a resin, an affinity functionality,
-ENLYFQG- /@A o ﬁ/ SNTo H such as biotin which strongly binds
' ~o H O\ﬂ/ N ~ to immobilized avidin, or a peptide
TEV recognition site NO, o) tag or fluorophore (Figure 3a).
4 5 6

Figure 3. Toolbox for affinity probe-based target identification. a) For affinity probe-based target
identification a linker group is attached to the bioactive compound of interest. This linker may
additionally be equipped with a photoaffinity tag to covalently modify the target proteins and

a functional tag to facilitate target protein identification. b) Groups for the design of cleavable linkers.

based probes.”? To date, however, the polyproline and the
tartaric acid linker were only employed in few target-
identification studies.

In general, proteins that bind to a surface-immobilized
probe are released from the resin either under harsh
conditions (boiling in sodium dodecyl sulfate (SDS) sample
buffer) or by elution with an excess of unmodified compound.
The release of unspecifically bound proteins after boiling the
samples increases the complexity of the mixtures to be
analyzed by mass spectrometry (MS) and/or electrophoresis
and can hamper the identification of the target proteins.
Therefore, selectively cleavable linkers were designed based
on diazobenzene (1; cleavage under reducing conditions, for
example, sodium dithionite),”! acylhydrazone (2; cleavage by
hydrazides),? levulinoyl ester (3; cleaved by hydrazine),”
peptide linkers (4; proteolytic cleavage site),'”® acid-labile
groups® (5) and the photolabile 1-(2-nitrophenyl)ethyl
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The pulldown probe can be
covalently attached to an activated
matrix (e.g. N-hydroxysuccinimide
(NHS)- or epoxy-activated sephar-
ose) by means of functional groups
such as amines, alcohols, thiols, and
carboxylic acids. Prior to exposure
of the matrix-bound compound to a protein extract and
binding of the target proteins, the non-modified groups are
inactivated (e.g. by treatment with Tris buffer for NHS-esters)
to prevent covalent binding of proteins to the beads. In many
cases, incubation of the probe with cell lysate is sufficient to
“fish out” the binding proteins, use of living cells is not
required. However, Wirth et al. demonstrated that the pull-
down probe of the natural product duocarmycin SA (Table 1,
entry 1) only isolates a second target protein (aldehyde
dehydrogenase, ALDH1A1) for the natural product after
incubation with living cells, as opposed to treatment with cell
lysates which emphasizes that lysis condition might compro-
mise binding of the target protein to the ligand.*

Biotin is practical for affinity-based approaches owing to
its strong interaction with the avian and amphibian protein
avidin and the bacterial Streptomyces avidinii protein strep-
tavidin. Furthermore, a deglycosylated version of native

www.angewandte.org

2749


http://www.angewandte.org

Angewandte

2750

Reviews

avidin from white egg, termed neutravidin, is available.
Neutravidin has a near-neutral isoelectric point (p/) and its
use reduces non-specific binding.””) Compared to avidin,
streptavidin has several basic residues exchanged for neutral
or acidic amino acids and is not glycosylated, which does not
affect biotin binding.*” The three proteins are homo-tetram-
ers which bind four biotin molecules (one molecule per
monomer). The affinity of the proteins to biotin is exception-
ally high (Kp ~ 107107 m)P! making it one of the strongest
noncovalent interactions known. Biotin-(strept/neutr)avidin
binding is widely used in many different protein and nucleic
acid detection approaches, for example, in immunohisto-
chemistry, enzyme-linked immunosorbent assays (ELISA)
and protein purification. Biotin itself rarely interferes with the
function of the labeled component (e.g. antibody, small
molecule, nucleic acid). Furthermore, the strong interaction
between avidin and biotin persists even under harsh con-
ditions such extreme pH values and temperatures and dena-
turing environments, which allows its use in various biological
approaches.

Affinity-based proteomics makes use of the biotin-strep-
tavidin system to immobilize pulldown probes on a solid
surface and enable the isolation of target proteins. Mostly,
biotinylated compounds are immobilized to streptavidin-
coated beads that are then exposed to a protein extract.
However, biotinylated probes can also be first incubated with
living cells to bind the target proteins prior to cell lysis and
incubation with the streptavidin matrix, however, the attach-
ment of biotin to a small molecule often reduces cell
permeability. This approach might overcome the limitation
of using cell lysate, since cell rupture might impair binding of
a probe to its targets (see above) which may be particularly
relevant for membrane proteins.F? After the proteins are
bound to the probe, the high affinity of biotin towards
(strept)avidin allows stringent washing steps to remove
unspecific binding proteins. The biotin moiety may also be
incorporated in trifunctional probes (see Section 2.1.4) which
allow the probe first to be covalently linked to the target
protein (e.g. by means of photo-crosslinking) followed by
isolation of the target proteins using streptavidin.”®*3! The
high affinity of the biotin-streptavidin interaction requires
very harsh conditions to release the bound proteins from the
resin, generally, by heat-denaturation in SDS-containing
buffer. An alternative is the elution of target proteins with
an excess of unmodified compound. For covalent binders, the
incorporation of a cleavable linker (see Section 2.1.2) offers
an additional opportunity to release isolated proteins without
denaturation. It should be considered that non-specific bind-
ing decreases from avidin to streptavidin with NeutrAvidin
reported to give the lowest background.”” Furthermore,
endogenous biotinylated proteins might be enriched using
avidin-based matrices, which will result in higher back-
ground.! Non-specific binding poses a serious problem in
affinity-based proteomics (see Section 2.1.8). In the use of
biotinylated probes the advantages and disadvantages have to
be balanced. Biotinylated probes are valuable reagents also in
various target confirmation approaches, for example, surface
plasmon resonance (SPR), homogeneous time-resolved fluo-
rescence (HTRF), imaging, and immuno-blotting experi-
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ments. Thus these probes may be used for target identification
and target confirmation.

Instead of the biotin/avidin pair, antibodies can be applied
to recognize tags in the affinity probes. The FLAG tag is
a octapeptide with the sequence DYKDDDDK. The small
size enables its encoding by a single oligonucleotide and the
sequence was designed to ensure good antigenic properties
(for the interaction with an anti-FLAG-tag antibody) while
possessing maximal hydophillicity.”® Moreover, this tag
contains a protease cleavage site that allows its removal.
Saxena et al. used a FLAG tag-modified probe of bisindol-
ylmaleimide III (Bis-III, Table 1, entry 2), a derivative of
a known protein kinase C (PKC) inhibitor.B®! After binding of
the FLAG-tag-labeled probe to the target proteins, the
complexes were isolated by means of a FLAG-tag antibody
attached to an agarose resin. The isolated proteins were
compared with targets identified after covalent attachment of
Bis-1II to a resin. The FLAG-tag-based approach identified
several of the known Bis-III targets, such as PKC-a, GSK3p,
CaMKII, adenosine kinase, but also some previously uniden-
tified target proteins such as PKAC-o, prohibitin, and
VDAC.P! Tt is noteworthy that this approach was also
compatible with release of the bound proteins by specific
elution. The FLAG-tag used in this study is exchangeable
with other known tags (e.g. HA,)®" as well as with fluo-
rophores, for which antibodies are available (e.g. 7-dimethyl-
aminocoumarin, rhodamine, fluorescein).”®!

2.1.4. Trifunctional Probes

A combination of an affinity tag (biotin) with a fluoro-
phore has been successfully applied for target isolation and
subsequent detection of fluorescently labeled proteins in an
SDS-PAGE in several cases. Prerequisite is the covalent
attachment of the probe to the target proteins so that the
probe remains attached to the proteins under the denaturat-
ing conditions of the SDS-PAGE. Trifunctional probes are
widely used in particular for activity-based proteome profiling
(ABPP).[83¢431 guch trifunctional probes (Figure 4a) usu-
ally contain an alkyne which can be coupled by copper(I)-
catalyzed Huisgen [342] cycloaddition (Huisgen-Sharpless-
Meldal click chemistry)“” to either a biotin-azide or a fluo-
rophore-azide (e.g. rhodamine) to allow for enrichment or
visualization of the binding proteins on a gel.”®! Coupling of
both, biotin and rhodamine, to the compound containing an
alkyne “handle”, results in a trifunctional probe: the biotin
tag facilitates enrichment of the target proteins, whereas the
fluorophore allows detection of the target proteins on a gel.
Fluorescent bands visible in the gel are then excised and
subjected to mass spectrometry.®> This procedure markedly
facilitates protein identification since only a few bands are
analyzed instead of the entire lane or entire protein mixture.
While this method is very well suited for reactive compounds,
for noncovalent binders a photoaffinity group (e.g. benzo-
phenone or alkyl-/aryl diazirine, see Figure 3a) needs to be
incorporated in the probe.”®! This strategy underlies the
design and synthesis of capture compounds for capture-
compound mass spectrometry (CCMS)."! The capture com-
pound contains a selectivity function for binding to the target
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Figure 4. General structures of a) trifunctional probes and b) a probe for capture-

compound mass spectrometry.

protein, a reactivity function (photoactivatable group) for
covalent attachment to the target, and a sorting function
(biotin) for enrichment (Figure 4b). CCMS was applied for
the profiling of S-adenosyl-L-homocysteine (Table 1, entry 3)
binding proteins, such as methyltransferases” and in the
quest for off-targets of anti-Parkinson drugs.[*¥ Tolcapone and
entacapone (Table 1, entry 4) target catechol-O-methyltrans-
ferase (COMT) and while tolcapone is hepatotoxic, entaca-
pone is not. Using CCMS it was shown that besides COMT
tolcapone targets proteins related to [-oxidation and oxida-
tive phosphorylation. CCMS performed for the anticoagulant
prodrug dabigatran® revealed that several proteins bind to
the designed capture compound derived from dabigatran,
among them the detoxifying oxidoreductase ribosyldihydro-
nicotinamide dehydrogenase (NQO2).

2.1.5. Protein Extracts

For identification of target proteins by means of chemical
proteomics, the pulldown probe is incubated with a protein
extract usually originating from tissues or cultured cells as
source of the proteome to be analyzed.®! Generally, the
proteome source is selected according to the activity of the
compound, for example, a cell line sensitive to the compound
of interest, to ensure the presence of the target proteins.
Lysate preparation must not impair integrity of the target
proteins and small molecule binding by excessive denatura-
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tion or residual enzymatic activity. Since mostly
information on the target proteins will be missing,
this issue can hardly be addressed in advance.
However, if from lysate no target protein can be
isolated intact cells should be considered.?34
The use of cell lysates rather than living cells is
required if the pulldown probe is membrane
impermeable.

To minimize unspecific binding in affinity-based
approaches lysate pre-fractionation may be consid-
ered.l*l Thereby sample complexity and thus back-
ground may be reduced, and use of a particular
subcellular fraction will enrich the target protein
and may provide better conditions for binding to
the probe. Prerequisite to the fractionation is
knowledge about the cellular localization of the
binding proteins which often can be obtained by
means of a fluorescently labeled compound.“”! For
instance, pre-fractionation of HeLa cell extracts by
means of anion exchange chromatography was
carried out for the identification of ornithine &-
amino transferase (OAT) as a target of diazona-
mide (Table 1, entry 5).*! Studies with BODIPY-
labeled pladienolide B (Table 1, entry 6) revealed
a nuclear localization of this natural product and
the following target identification was performed
with nuclear extracts.[*!! Since substantial amounts
of the protein extract are necessary, availability of
the primary material could limit this approach.
Nonetheless, fractionation should be considered if
the target protein is, for example, membrane-
associated, nuclear, or present in a particular chro-
matographic fraction. Care should be taken not to exclude
insoluble fractions, since proteins of interest might well be
bound to membrane components.

2.1.6. Protein Binding to the Affinity probe, Washing, and Elution

For binding of the pulldown probe to the target proteins
the affinity compound may be immobilized on beads first (e.g.
streptavidin-coated or NHS-activated matrix) and then
incubated with lysate. For probes bearing a functional group
for covalent immobilization on a matrix, this is the method of
choice. Compounds with affinity tags (e.g. biotin or peptide
tag) could be incubated with cells or protein lysate prior to
immobilization on the solid phase. In particular cases
immobilized compounds (e.g. nanopolymers, such as den-
drimers) may also be cell permeable allowing incubation in
situ to bind target proteins.”! When employing tri-functional
probes, for example, with an alkyne handle the compound is
first incubated with living cells or cell lysates. In a second step,
(if necessary after cell lysis) the linker that carries both an
reactive tag and a fluorophore, is attached by means of
copper(I)-catalyzed Huisgen [342] cycloaddition to the
probe. Finally, the probe—protein complex is immobilized on
a solid support.533]

Because of the high complexity of cell lysates, which
usually contain numerous proteins, high abundant proteins
might non-specifically bind either to the matrix, the linker or
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the compound itself. To remove these proteins, extensive
washing with increasing stringency during the washing steps is
required. The degree of stringency depends on the affinity of
the compound for the target proteins. Clearly, much harsher
washing conditions can be applied when the compound is
covalently bound to its target(s). In contrast, for noncovalent
binders increasingly stringent washing steps can be con-
trolled, for example, by comparison of the isolated proteins by
means of SDS-PAGE and subsequent protein staining. To
allow for enrichment of weakly bound proteins, mild washing
conditions need to be found.

After removal of non-specific binders, proteins enriched
on the solid phase are released either by denaturation through
heating or by specific elution. Elution with denaturing agents
such as SDS releases all proteins specifically bound to the
pulldown probe as well as non-specifically to the linker or the
bead surface. This procedure results in complex mixtures but
may be the only way to liberate the isolated proteins when the
compound is covalently bound to its target and the probe does
not contain a cleavable linker. Cleavable linkers (see
Section 2.1.2 Linkers) enable the specific release of proteins
bound to ligands while leaving proteins that bind to the bead
surface attached. For specific elution the bound proteins are
incubated with an excess of unmodified active compound.”
This step enables the release of proteins under mild con-
ditions, and at the same time represents a second affinity step.
Specific elution is compatible only with noncovalent binders
and is limited by the solubility of the unmodified compound in
aqueous buffers because usually high compound concentra-
tions are required. For example, this approach was success-
fully applied to identify proteins that specifically bind to ADP,
cAMP, GDP, and cGMP.'" To this end, cGMP was immobi-
lized by a 2-aminohexyl linker and was incubated with
HEK293 lysate. Subsequently, a sequential elution with
10mMm ADP, 10mm GDP, 5-10mMm cGMP, and 10 mm
cAMP allowed isolation of the proteins that bind the
respective nucleotide. Specific elution might be limited by
the slow dissociation kinetics of the binding protein from its
ligand.P"!

2.1.7. Control Experiments

To distinguish between proteins that bind specifically and
non-specific binders control experiments are mandatory. The
simplest experiment employs the same matrix material with-
out the immobilized compound (bead only). This approach
will reveal proteins that non-specifically bind to the matrix
itself and was successfully employed in the identification of
various target proteins.***! To identify proteins that bind
non-specifically to the linker or the bioactive compound,
either the linker alone!™™ ™% or even better an inactive
analogue equipped with the same linker!™* 3] peeds to be
immobilized on the matrix. An inactive compound should
closely resemble the active compound in structure, size,
hydrophobicity, and charge."" Proteins that bind both to
control beads and beads carrying the active probe are usually
regarded as background. Although this approach proved to
be powerful in several cases, it is noteworthy that this
reasoning may be an oversimplification of the binding
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events during the pulldown experiment. Inactivity in cellular
assays may be due to low solubility, low cell permeability, and
low affinity for the target protein.''! These properties might
prevent a phenotype of interest in a cell-based assay and
therefore indicate lack of activity but the compound in
question might still bind to the target proteins in cell lysates.
The employment of such controls also may lead to identifi-
cation of the same target proteins by both active and inactive
probes and thereby to false negative results since these
proteins will be regarded as non-specific binders. In theory,
the ideal control for a chiral compound would be an inactive
compound with the same physiochemical properties as the
active probe but different stereochemistry, that is, an enan-
tiomer. This strategy was successfully used for identification
of nucleophosmin and Crm1 as targets of indoloquinolizines
termed centrocountins (Table 1, entry7, see also Sec-
tion 5.4).7" An enantiodifferentiating strategy for target
identification was chosen also for jasmonate glucoside
(Table 1, entry 8) which is a leaf-closing factor in plants and
whose enantiomer is inactive.’ A photoaffinity probe of
jasmonate glucoside coupled to biotin was employed in
pulldown experiments and the respective inactive enantiomer
served as control. We stress, however, that it is not necessarily
the case that the enantiomer of a given chiral compound does
not bind at all to the same target protein, but rather its affinity
may only be lower. Thus, an enantiomer may not be the ideal
control compound. If the active small molecule is achiral, the
control probe should be as closely related to it as possible.
Furthermore, the attachment of the linker to a nonpermissive
position (which does not tolerate modifications and leads to
loss of activity) is another option for the design of control
probes as reported for the neuritogenic compound TWS119
(Table 1, entry 9) in the identification of its target GSK3pP
and for the anti-trypanosomal compound 4-[5-(4-phenoxy-
phenyl)-2H-pyrazol-3-ylJmorpholine (Table 1, entry 10) and
the identification of adenosine kinase as its target.’®

An essential control strategy employs competition with
binding of the protein to the immobilized ligand.®” In this
approach an excess of the bioactive compound is added to the
protein mixture before pulldown. It binds to the target and
thus prevents binding of the target protein to the (immobi-
lized) affinity probe. Proteins identified in the standard
pulldown but absent in the competition sample are consid-
ered as targets. The shortcomings of the competition
approach are again the hydrophobicity and thus limited
solubility of compounds in aqueous buffer. Competition
studies should be combined with inspection of the isolated
proteins on a SDS-PAGE, where the absence of the target
proteins in the competition sample should be visible. To
determine the most suitable conditions for competition,
different concentrations of the unmodified compound
should be applied.

Usually, proteins released from the solid support are
separated by SDS-PAGE according to their molecular weight.
After electrophoresis, proteins are stained using different
methods. The widely used Coomassie Brillant Blue can detect
proteins down to 10 ng and is compatible with mass spec-
trometry analysis.”®) More sensitive is the silver stain and
staining with fluorescent dyes (detection of less than 1 ng
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protein).”® Whereas silver staining is not compatible with
mass spectrometry without an additional destaining-step,
many fluorescent dyes are, so that after protein visualization
the bands of interest can be cut out from the gel and further
processed. Sensitive protein staining allows the target pro-
teins to be visualized on the gel, so that initial information is
obtained, for example, the apparent molecular weight. By
utilizing appropriate control probes, differences in the
isolated proteins (amount, presence) can be detected after
protein staining. For example, a protein band which is present
on the gel only with the active but not with the inactive probe
will be considered as potential target. In a competition
experiment, the disappearance of a protein band (or decreas-
ing amounts of it) in the presence of the competitor will be
indicative of the target. For a competition experiment, protein
staining after SDS-PAGE might help to find the optimal
conditions prior to mass spectrometry analysis. It should be
considered that even in the presence of a high excess of
unmodified active compound, not all of the target protein will
be completely released. Thus, the target protein might still
bind to the immobilized probe which will lead to its detection
by means of mass spectrometry. Simple comparison of the
detected proteins in the presence or absence of a competitor
will then lead to false negative results. Therefore, it is
advisable to use quantitative proteomics to detect the relative
abundance of the isolated proteins (see Section 2.1.11) as well
as carrying out enough replicates to ensure statistical
significance in the results.

2.1.8. Non-Specific Binding

In affinity-based proteomics, target identification often
requires elimination of proteins that bind non-specifically to
the probe and/or the matrix (background binding) to enable
detection of the true targets. Non-specific binders increase the
complexity of the mixtures to be analyzed by mass spectrom-
etry and often are not easy to detect. High-affinity ligands will
preferentially bind their physiological targets in cell lysate
and interact with additional proteins with lower affinity.
However, in pulldown experiments the protein extract is
exposed to a high local concentration of the immobilized
ligand which will enable binding of low-affinity targets as well,
in particular if the target protein is present only in low
concentration. This shortcoming can be overcome by decreas-
ing the amount of the affinity probe on the matrix. Thus, high
affinity of the probe for the target and sufficiently high target
concentration often are indispensable for successful target
identification. Preferably probes with nanomolar or low
micromolar affinities should be used which may require
substantial structure—activity relationship investigations.
Since the origin of the bioactivity data is often a phenotypic
screen, it might be difficult to assess the relative affinity
between the small molecule of interest and its potential
target(s). Nevertheless, it must not be forgotten that high
cellular activity might originate from the polypharmacolog-
ical properties of the compound in question which may result
from the sum of low affinities towards multiple targets rather
than high affinity for a single protein.[''?
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Of the successful target identifications reported, most
employed high-affinity probes and/or the target proteins were
present in relatively high concentrations. For low-affinity
ligands the targets may be lost during the stringent washing
steps, in particular if their abundance is low, thereby leading
to identification of highly abundant background proteins.
Frequently occurring background proteins may be identified
by statistical analysis of pulldown experiments with different
probes to identify the frequency of occurrence independent of
the constitution of the probe (“black lists”*). In addition, the
determination of proteins that (non-specifically) bind to
commonly used matrices, so called “bead proteomes”, could
help to distinguish background binding.[" Furthermore,
quantitative assessment of human cell line proteomes and
copy numbers in them®™! might help to rule out non-specific
binders. Nonetheless, background proteins need to be con-
sidered for every probe since putative unspecific binders
could prove to be the physiological target of the compound of
interest (e.g. Tubulexin, Table 1, entry 11, see Section 5.5).?

Recently developed powerful mass-spectrometric tech-
niques allow putative targets to be identified from complex
mixtures immediately after release from the affinity resin./*
However, separation by gel electrophoresis and staining of
the proteins may still be advisable before mass spectrometry.
Investigation of different pulldown conditions (e.g. probe
design, amount of immobilized probe, concentration of the
lysate, washing conditions, elution with free compound,
competition) with subsequent staining of the proteins after
SDS-PAGE can provide valuable information for background
reduction. For example, linker variation or elution with an
excess of unmodified compound and incorporation of a photo-
affinity group to enable more stringent washing conditions
may reduce unspecific binding. In addition, the protein
mixture may be exposed to a control matrix to reduce or
remove “sticky” proteins prior to the pulldown experiment
with the active affinity compound (“pre-clearing”)."! Serial
affinity chromatography provides a further option.”” In this
approach, probe-derivatized beads are exposed to a protein
extract, the lysate is separated and added to a fresh affinity
resin and these steps are repeated several times (Figure 1b).
It is expected that the first resin will enrich specifically
binding proteins while non-specific binders would be cap-
tured to a similar extent by all resins. Serial affinity
chromatography was successfully applied to the FK506/
FKBP12, methotrextate/DHFR, and benzenesulfonamide/
CA2 interactions and to the identification of clathrin as
a target of bolinaquinone (Table 1, entry 12).5%]

2.1.9. Probe Immobilization by Photoactivation

Natural products provide a rich source of biologically
active compounds. However, the identification of their targets
is often hampered by lack of synthetic accessibility and,
therefore, lack of conclusive structure—activity relationships.
In cases were total synthesis of a natural product is not
available, the natural products can be modified at positions,
which allow chemical derivatization, giving raise to “semi-
synthetic” derivatives. When substitutions are well tolerated,
a linker for immobilization on a matrix can be incorporated.
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An alternative method for immobilization of compounds
without the need for modification is coupling to a solid
surface by means of photoactivation.'! In this method, beads
are derivatized with oligoethylene glycol linkers containing
aryldiazirine groups. Upon UV irradiation, highly reactive
carbenes are generated which unspecifically react with the
compounds to be immobilized (Figure 5). In a test study, all
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Figure 5. Compound immobilization by photoactivation.

possible C—H and C—O insertion products were generated in
a relatively uniform distribution.!” Thereby populations of
differently oriented immobilized compounds are generated.
Only insertions which target sites that tolerate modification
without dramatic loss of activity will enable pulldown of the
target proteins. This approach was successfully used to
identify glyoxylase I as the target protein of the osteoclasto-
genesis inhibitor methyl gerfelin (Table 1, entry 13). The
method has enabled the generation of chemical arrays to
screen for compounds that bind to a protein of interest.!*¢"]

2.1.10. Target Identification by Ligand-Directed Protein Labeling

Transfer of a fluorescent tag from a small molecule to the
target proteins upon ligand binding is a relatively novel
strategy for target identification. To this end, the compound is
modified to carry a reactive acylating or alkylating group (e.g.
a phenyl ester or a phenylsulfonate) coupled to a fluorophore.
In a first step the compound binds to the target protein before
transfer of the reactive group to a proximal amino acid
whereby the ligand, which acts as a leaving group, is displaced
(Figure 6).1®! For instance, acyl-dye transfer was used to label
proteins that bind to the natural product marinopyrrole A
(Table 1 entry 14) with dimethylaminocoumarin.*® After
incubation of live cells with the marinopyrrole A derivative,
two fluorescent bands were observed after SDS-PAGE with
the crude lysate. Co-immunoprecipitation using an anti-dye
antibody and subsequent mass spectrometry led to the
detection of three bands, two of which were identified as
actin and the third as actinin which is tightly complexed with
actin. Actin could be confirmed as target protein using
microscopy, microcalorimetry, and an in vitro actin polymer-
ization assay. In a similar setup, tosyl chemistry was employed
to label proteins that bind to fusicoccin A (Table 1, entry 15,
see Section 5.6).1”)
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Figure 6. Ligand-directed protein labeling using tosyl chemistry.
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2.1.11. Quantitative Proteomics

The limitations of comparisons between proteins identi-
fied with active and inactive probes can be overcome by
relative quantification of proteins from different populations,
that is, quantitative proteomics. For this purpose, usually
stable isotope labels are incorporated in the proteins,
although label-free quantification is possible as well.™”
Stable isotopes retain the physico-chemical properties of the
proteins and thus do not interfere with binding. However,
they differ in mass which enables their simultaneous detection
and relative quantification. Isotope labeling can be performed
metabolically or chemically. Mann and co-workers estab-
lished stable isotope labeling by amino acids in cell culture
(SILAC)." STLAC makes use of the requirement of mam-
malian cells for essential amino acids (e.g. methionine,
arginine, leucine, lysine). Growing cells are cultured either
under normal conditions (natural abundant amino acids,
“light” amino acids) or supplemented with labeled essential
amino acids (e.g. °C labeled L-arginine’” and '*C,°N-labeled
L-lysine,”””! so called “heavy” amino acids) which are fully
incorporated into the cellular proteome after five rounds of
cell divisions. Different lysates are used for the pulldown with
the active (e.g. “heavy” lysate) and control probe (“light”
lysate).

The eluted proteins from both experiments are combined,
processed, and analyzed by mass spectrometry (Figure 7a).
The use of isotopically labeled amino acids leads to a mass
shift of 6 Da for *C-L-arginine-containing peptides and 8 Da
for *C, "'N-L-lysine-labeled peptides when comparing the
mass spectra of “heavy” peptides with their “light” counter-
parts.l”! SILAC peptide pairs have addressable locations in
mass and retention-time space—if a light peptide is detected
at a certain mass and retention time, the heavy peptide is
usually observed as well.” The relative quantity of the
“heavy” to the “light” peptide can be derived from the ratio
of ion intensities of the SILAC peptide pairs. Affinity
chromatography using SILAC-labeled protein extracts
allows for milder washing conditions allowing for isolation
of weak binders and prioritization of targets by means of
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SILAC ratios. Besides proof-of-concept for small mole-
cules with known modes of action (kinase inhibitors, immu-
nophilin ligands),””! SILAC was used in the identification of
tubulin and CSE1L as target of the tetrahydropyran tubulex-
in A (Table 1, entry 11),1°”) GSTP1 as target of piperlongu-
mine (Table 1, entry 16),"” epoxide hydrolase 1, and MT-
ND1 as targets of a 5-benzoylindole derivative (Table 1,
entry 17),% and for the analysis of imatinib targets'’” and the
human kinome."™ SILAC was also utilized to label embryonic
stem cells.” Metabolic labeling was also reported for whole
organisms such as mice,®! C. elegans and D. melanogaster.™"

Although powerful, SILAC is not applicable for labeling
cells which cannot be maintained for sufficiently long time to
ensure complete labeling of the proteome, for example,
platelets, and for labeling harvested tissues and human body
fluids. In such cases, chemical labeling is the alternative of
choice. Several strategies are available, in particular the use of
isotope-coded affinity tags (ICAT)®? or isobaric tags for
relative and absolute quantification iTRAQ)." The ICAT
reagent contains an affinity tag (e.g. biotin), a isotopically
labeled linker (e.g. eightfold deuterated) and a thiol-specific
reactive group (e.g. iodoacetamide) (Figure 7b).*? The side
chains of cysteine residues of the protein mixtures that are to
be compared are derivatized either with the isotopically light
or the heavy form of the ICAT reagent. After combining the
samples and tryptic digest labeled peptides are isolated by
avidin affinity chromatography, fractionated, and quantita-
tively analyzed by mass spectrometry. A second-generation
ICAT reagent, containing a cleavable linker, was used for
target identification of the antitumorigenic agent E7070 (N-
(3-chloro-7-indolyl)-1,4-benzenedisulfonamide, Table 1,
entry 18) and led to the isolation of malate dehydrogenase
(MDH).®

ICAT significantly reduces the complexity of the mixtures
to be analyzed and covers 96.1% of the human proteome.®"
Full coverage can be reached by labeling N- or C-terminal
peptides.™ iTRAQ includes isotopic labeling of amine
groups."" The iTRAQ reagent consists of a reporter group
(N-methylpiperazine), a mass balance group (carbonyl) and
a group that reacts with peptides (NHS ester; Figure 7¢)." It
labels any amine group of the peptides from a protein mixture
through an amide linkage. The reporter group
incorporates combinations of *C, N, and O
which results in tags with a mass of 114-117 Da.
The balance group has a mass of 28 to 31 Da

a)

H
HN-Linker-N—X

S. Ziegler et al.

of XAV939 (Table 1, entry 19, see also Section 5.10),™!
oxysterol binding protein as target of OSW-1 (Table 1,
entry 20) and ORPphilins,> and target profiling of ABL
inhibitors using kinobeads and the competition approach
(Table 1, entry 21).1%!

Besides the methods employing labeling of proteins or
peptides, label-free quantification (LFQ) of proteins was
performed in several studies.’”! For instance, integration of
the complete mass spectrometric signal of each peptide can be
used to quantify the same peptide in different LC-MS/MS
runs®™ (for an extensive Review on current label-free
quantification strategies see Ref. [89]) Label-free approaches
are the least precise among the present techniques for mass
spectrometric quantification because all variations between
experiments are reflected in the data obtained.**®) However,
LFQ is less costly and time-consuming (no additional steps to
label proteins or peptides are required) and provides a higher
dynamic range of quantification than stable isotope label-
ing.®® Moreover, there is no limit to the number of probes
that can be compared and mass spectral complexity is not
increased.®™ To our knowledge, to date no target-identifica-
tion studies employing LFQ have been reported. Neverthe-
less, label-free quantification should be considered as
optional when designing an experiment for protein quantifi-
cation.

2.1.12. Tagged Libraries

Limitations because of difficulties with linker incorpora-
tion after identification of bioactivity may be overcome by
including the linker in the synthesis of compound libraries to
be analyzed."'** Thereby the steps from hit identification to
isolation of the target proteins may be made more efficient.
Many of the reported examples are based on the triazine
scaffold, which allows for versatile modifications (Fig-
ure 8a).”"! A triazine-based library including a triethylenegly-
col linker was synthesized and screened in zebrafish embryos
for brain and eye morphological changes, and from 1536 tri-
azine derivatives one hit compound was identified (Table 1,
entry 22). Removal of the linker (to yield encephalazine) did
not influence the activity showing that neither the linker nor

.. . . . . HN-Linker
originating from isotopic enrichment at the car- A L
bonyl component to ensure identical total mass of L screening  hit compound - )N,\ \j‘\ ,
the reagents (145 Da). Thus, peptides labeled with Ry E3 " immobilization RI-NTON g‘;R
different iTRAQ reagents are isobaric and appear X =H Bz
as one single MS peak after combining the labeled ’
peptide mixtures. Collision-induced dissociation
(CID) causes fragmentation of the tag amide bond  b) /0 <
and loss of the balance group while the reporter o . W é\@\@"e
group produces MS/MS signature ions with m/ R:))x_:: A screening i compound

z 114-117. The relative areas of the peaks are used
for the quantification of peptide abundance in
each sample. Using iTRAQ up to four samples can
be labeled and analyzed simultaneously. iTRAQ
was applied in the isolation of tankyrase as target
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Figure 8. Tagged libraries for screening and target identification. a) Triazine-based
library and b) 5-benzoylindole-based library.
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the amino group is important for activity. The linker version
of encephalazine was immobilized on an affinity matrix and
exposed to protein extracts. Ribosomal accessory proteins
were identified as the target proteins of encephalazine.’
Similar approaches led to the identification of several hits in
a screen for pigmentation inducers and the mitochondrial
F1F0 ATPase as their target.”" Tagged libraries with
benzoyl capping were used in a screen for modulation of
insulin signaling in C. elegans. An active compound (GAPDS,
Table 1, entry 23) was identified and employed in an identifi-
cation of GAPDH as the target protein following an affinity-
matrix-based strategy.*¥

Cisar and Cravatt synthesized a library which also allows
for the direct progression from a cell-based screen to target
identification without additional chemical modifications of
the hit compounds."® The library is based on 5-benzoylindole
and 7-benzoyl benzo-1,4-diazepin-2,5-dione in which each
compound has a photoreactive group for UV cross-linking to
the target proteins and an alkyne handle for click chemistry
(Figure 8b)."! The library was screened for antiproliferative
activity in MDA-MB-231 cells in normal or low-glucose
medium. One compound (Table 1, entry 17) inhibited the
proliferation under hypoglycemic conditions and could be
directly employed in a SILAC-based affinity proteomics
experiment to identify epoxide hydrolase 1 and MT-ND1 as
targets, which are involved in mitochondrial respiration.

2.2. Two-Dimensional Gel Electrophoresis

Two dimensional gel electrophoresis (2DE) allows thou-
sands of proteins to be separated simultaneously by iso-
electric focusing according to their charge (Ist dimension)
and according to their size (2nd dimension). The resulting
spots usually represent single proteins which can be isolated
and identified. This technique was the first to enable
proteome analysis”®! and can be used to identify targets of
small bioactive molecules. A requirement is the covalent
attachment of the compound to the target protein and its
labeling (radiolabel or fluorophore) for detection. Jessen
et al. employed 2DE for target identification of the apoptosis-
inducing  3,5-diaryl-[1,2,4]-oxadiazoles =~ MX-74420/MX-
126374 (Table 1, entry 24).1 A tritium-labeled photoaffinity
derivative was cross-linked by UV irradiation to the target
and a specifically labeled band of 50 kDa and with a p/ of 5.3
was observed by SDS-PAGE. The
appearance of this band was com-
plemented by excess of unmodi-
fied active compound. Separation
of the labeled lysate by means of
2DE revealed one single protein
spot which was identified as
TIP47 after tryptic digest analysis
and mass spectrometry.

Park et al. developed a fluo-
rescence difference approach in
two-dimensional gel electropho-
resis (FITGE) and employed it
for the identification of the target
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of an anti-proliferative compound (Table 1, entry 25).%! An
active and a control pulldown probe were synthesized using
a benzophenone as photoreactive group and an acetylene
moiety for bioorthogonal click reaction. This probe set was
used to label the proteomes in lysates or live cells after UV
crosslinking and click reaction with Cy5- (active probe) or
Cy3-azide (control). The labeled proteomes were mixed and
subjected to 2DE. The merged images of the Cy5- and Cy3-
fluorescence revealed only a few spots detectable in the Cy5
image but not in the Cy3 image and led to the identification
and subsequent confirmation of tubulin as a target protein.

Although useful for target identification 2DE is time-
consuming, labor-intensive, and limited by low resolution.
Owing to the insufficient sensitivity of protein-staining
procedures, mostly only the abundant proteins are detected.
Furthermore, often hydrophobic, especially membrane pro-
teins cannot be detected and proteome comparison is difficult
because of gel-to-gel variations. Newer modifications include
isoelectric point focusing over immobilized pH-gradients or
cation-exchange columns prior to trypsination, and reversed-
phase nano-HPLC, providing a similar sample simplification
as 2DE, but with considerably higher sensitivity.””)

2.3. Label-Free Approaches to Target Identification
2.3.1. Drug Affinity Responsive Target Stability (DARTS)

The drug affinity responsive target stability (DARTS)
method was developed as a universally applicable strategy to
investigate drug-target interactions.” DARTS is based on the
finding that a target protein bound to a small molecule might
be less susceptible to proteolysis than its unbound state.’”! A
major advantage of DARTS is the use of unmodified
compounds for target identification. Small-molecule binding
to a target protein might induce local or global stabilization of
the protein conformation and/or alter accessibility to pro-
teolysis.”® Compound binding may mask proteolytic cleavage
sites, resulting in differences in proteolysis patterns between
compound-bound and free state (Figure 9). The FKBP12-
rapamycin/FK506 complex was protected against digestion by
the protease subtilisin after binding of FKBP12 to rapamycin
and FK506. Treatment with wortmannin was not effective,
which demonstrates the selectivity of protease protection.
Since neither rapamycin nor FK506 causes conformational
changes in FKBP12, binding alone is sufficient to stabilize the
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protein in the proteolysis-resistant stage.”™ The applicability
of DARTS to complex protein mixtures was demonstrated for
the didemnin/B-EF1la, mTOR/rapamycin, COX-2/celecoxib,
and SCF E3 ubiquitin ligase-inhibitor complexes.”®! Further-
more, DARTS was employed to identify the eukaryotic
initiation factor 4 A (eIF4A) as one target of resveratrol
(Table 1, entry 26). DARTS might be limited by the affinity of
the drug-target interaction, protein abundance and detection
by mass spectrometry, and the susceptibility of the proteins to
hydrolysis.

A related energetics-based methodology using pulse-
proteolysis®™ was employed to identify ATP binding proteins
in E. coli™ Protein samples were incubated with ATP and
the urea-induced protein unfolding as compared to untreated
samples was analyzed after a brief exposure to a protease.
Ligand binding to its target proteins changes the stability of
the protein, for example, thermodynamic stability, resulting in
a decrease in unfolding rates and changes in the dynamics of
the native protein."® The amount of the protein which
remains after pulse proteolysis is compared by means of two-
dimensional gel electrophoresis (2DE). As a proof-of-concept
Liu etal., after 2DE, selected only 12 spots to identify
proteins that bind to ATP, six of which were already reported
to bind to ATP. For three of the remaining four proteins, an
influence of ATP on their energetic properties was confirmed.
Since this method suffers from the limitations for 2DE (see
Section 2.2) Chang et al. used SDS-PAGE and liquid chro-
matography instead of 2DE for the detection of ATP binding
proteins in E. coli.'™ Through the experimental ease of SDS-
PAGE, different concentrations of urea could be tested which
increases the chance of target identification because urea
concentration modulates protein unfolding differently in the
presence or absence of ligand.

West et al. used chemical denaturant-dependent oxidation
rates of methionine (termed stability of proteins from rates of
oxidation, SPROX) coupled to quantitative mass spectrom-
etry to detect thermodynamic properties of protein un/re-
folding in the presence of a ligand.'""!! To this end, a protein
mixture is incubated with increasing concentrations of
guanidinium hydrochloride as the denaturant in the presence
or absence of a compound. The samples are treated with
hydrogen peroxide so that the side chains of the methionine
residues are selectively oxidized. The non-oxidized and
oxidized proteins are quantified by means of isobaric tags.
Transition midpoints are determined, that is, the assay
conditions at which, depending on the concentration of
denaturant, the non-oxidized methionine-containing peptides
disappear and/or the oxidized peptides appear. Proteins are
considered as targets if the transition midpoint between the
ligand-bound and the ligand-free state for a peptide differ. By
means of this method, cyclosporine A binding proteins were
identified in a yeast lysate. Eight of these interactions were
not reported before and one binding protein (calcineurin) was
not detected. This method is limited by the requirement of
having methionine residues in the ligand-binding site and the
need for sufficiently high protein and ligand concentration to
detect a transition midpoint shift.
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2.3.2. Target Identification by Chromatographic Co-Elution
(TICC)

Target identification by chromatographic co-elution
(TICC) is based on the co-fractionation of ligand-target
complexes during nondenaturing HPLC coupled with LC-MS
to detect compound—protein interactions in complex protein
mixtures with nearly native cellular proteins.'”” Ligand-
target protein binding results in a characteristic shift in the
chromatographic retention time profile of a compound.
HPLC-MS/MS is then used to identify the binding protein.
The methotrexate/DHFR, radiciciol/Hsp90, sordarine/elf2,
and TSA/HDACI,2 pairs provided proof-of-principle. Chro-
matographic co-elution was employed in the identification of
Ergbp, a cytoplasmic delta-sterol C-methyltransferase, as
target of the antifungal natural product 4513-0042 (Table 1,
entry 27) and in the identification of off-targets of the
dopamine receptor agonist A77636.1%2! This approach is also
suitable to detect low-abundant target proteins as well as low-
affinity (micromolar) interactions. One constraint is the need
to separate unbound versus protein-bound compound which
excludes covalent binders. The native conditions needed for
TICC require conditions for sufficient solubilization of
membrane proteins that will retain drug—target interactions.
Furthermore, co-eluting proteins with similar retention prop-
erties might complicate the identification of the real target.
Thus, this approach is limited primarily to hydrophobic
noncovalent protein-ligand interactions and biological sam-
ples containing soluble native proteins.

2.3.3. Biochemical Suppression

In genetics, phenotypes caused by a mutation in a gene
may be rescued by the overexpression of other genes. This
phenomenon is used in high-copy suppressor screens.'”” By
analogy, a biochemical suppression strategy was developed in
which an inhibitor is used as a mutation and the addition of
partially purified protein mixtures mimics protein overex-
pression, which should prevent the inhibition by the small
molecule in a given assay.'"” Biochemical suppression is
limited to soluble and fractionatable proteins, thus making it
of limited use as a general technique. Peterson et al.
employed the biochemical suppression of a compound-
induced phenotype after addition of concentrated protein
fractions to identify the target protein of the tetracyclic indole
pirll (Table 1, entry 28).1% pirll was identified in a screen for
PIP,-induced actin polymerization in Xenopus extracts.
Untreated Xenopus extracts were fractionated, concentrated
to mimic genetic protein overexpression, and added to the
extracts treated with the compound. A fraction that sup-
pressed pirll activity enhanced actin polymerization kinetics.
Further chromatographic fractionation identified the Arp2/3
complex as a downstream component required for PIP,
induced actin polymerization which prevents pirll inhibition.
The cdc42/RhoGDI complex was isolated from a second
fraction as a suppressor of the pirll phenotype. This approach
is only applicable to the identification of target proteins if an
activity amenable to an assay can be monitored and, to date,
other examples for target identification are not published yet.
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2.3.4. Target Deconvolution by Comparison

The increasing amount of data available for cells treated
with small molecules, concerning activity fingerprints and
signatures (e.g. gene expression and proteome profiling,
phenotypic multiparameter analysis, cytotoxicity data)
allows the collection of “fingerprints” or “signatures” of
known compounds and novel biologically active compounds.
These databases can be used to predict the mode of action and
even the target proteins of an uncharacterized small molecule
(Figure 10).

One possibility to profile known compounds is the
screening for cytotoxicity or growth inhibition of cancer-
cell-line panels. Growth inhibition data (e.g. Gl values)
derived from these studies can be used to create activity
patterns of known drugs. Investigation of the NCI (National
Cancer Institute)-60 cell-line panel was the first high-
throughput cancer-cell-line screening program.'®! In addition
to disease-oriented screening for drug discovery!'® using the
COMPARE algorithm' for a query compound, the data-
base of screened agents can be searched for similar profiles.
Similarity in pattern often is related to similar mode of action,
mode of resistance, or molecular structure!'® and creates
a hypothesis that needs to be confirmed. This kind of analysis
was performed for topoisomerase II inhibitors,'”” tubulin
modulators,'® and dihydroorotate dehydrogenase.'” The
activity patterns can be combined with additional informa-
tion, for example, structural features, possible targets or
modulators of activity in cells."” Besides the NCI60 platform,
further cancer-cell-line panels were established."™ The
JFCR39 (Japanese Foundation for Cancer Research 39)
system, which holds fewer cell lines than the NCI60 panel,
was employed in several studies to predict the mechanism of
action of uncharacterized small molecules."'” Moreover,
almost 1000 cancer cell lines are included in the Cancer Cell
Line Encyclopedia (CCLE) which was released through
a collaboration of academia and industry.""!! CCLE contains
the mutational status of over 1600 genes, DNA gene copy
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numbers, mRNA expression levels, and the pharmacological
profiles for 24 anticancer drugs.

Lamb et al. introduced connectivity maps as a generic tool
to relate the action of drugs to genomic signatures, physio-
logical processes or diseases, and to create drug signatures.!''
Using connectivity maps, the signature of a small molecule of
interest can be compared to a database of compound
signatures and thereby discover new connections. Lamb
et al. chose mRNA expression profiling of compound treated
cells as a genomic signature and selected 164 compounds
representing a wide range of activities including compounds
that target the same protein as well as different compounds
for the same clinical indication. The breast cancer cell line
MCF7 was used to generate genomic signatures. Then
a “query signature” was compared to the reference expression
profiles in the data set. Using the connectivity map, a high
score was obtained for the HDAC inhibitors vorinostat and
trichostatin A and their strong connectivity to valproic acid
and HC toxin, which are known to inhibit HDAC activity but
are structurally different. A high score was obtained also for
estrogens such as E2 and genistein. The connectivity map
showed a weak connectivity to 17a-estradiol which is
consistent with the lower affinity for the estrogen receptor
(ER). The approach also identified a negative connectivity for
the ER-antagonists fulvestrant, tamoxifen, and raloxifen.
Connectivity was also identified for antipsychotic drugs of
different structural classes which act as dopamine receptor
antagonists and do not directly influence gene expression.
This method was then applied to the natural product gedunin
(Table 1, entry29) with unknown target. Gedunin was
identified in a screen for inhibition of androgen receptor
(AR) activation in prostate cancer cells.'*?! High connectivity
was found for geldanamycin and two derivatives thereof
which are heat shock protein 90 (Hsp90) inhibitors. The
involvement of Hsp90 in the regulation of AR stability was
then confirmed which demonstrates the potential of the
connectivity map to identify the targeted pathway of a poorly
characterized compound. Since its introduction in 2006, the
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Figure 10. Target deconvolution by using compound profiling to create a signature of the compound and database query to create a hypothesis

for the mode of action or the target protein.
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connectivity-map database was employed for the identifica-
tion of the targets or the involved pathways of uncharacter-
ized compounds!"'* or the identification of novel compounds
to target particular physiological processes.!''*!

A fingerprint or signature of a compound can also be
generated by proteome profiling, for example, by means of
two-dimensional difference gel electrophoresis (2D DIGE)
which allows for the quantification of protein abundance.!'”!
Protein extracts are first covalently tagged with fluorescent N-
hydroxysuccinimide derivatives (e.g. to attach Cy3 and Cy5)
to label e-amino groups of lysine residues. The proteomes to
be compared are mixed and subjected to 2DE. Protein spots
are detected after excitation at the appropriate wavelength
for each fluorophore. Differences in protein abundance can
be detected after merging of both images. This method allows
two protein samples to be compared. Comparison of more
samples is feasible when an internal standard is included in
each 2DE to normalize the spots across all gels.''! Muroi
et al. established a proteome profiling system to elucidate
mode of action by means of 2D DIGE.'"”! The proteomic
patterns of 19 known, well-characterized compounds were
obtained by 2D DIGE and the proteome data obtained for
query substances were compared with those of the known
compounds. Iejimalides (Table 1, entry 30), which bind V-
ATPase and affect actin polymerization, clustered into the
same tree as other V-ATPase inhibitors, such as bafilomy-
cin Al and concamycin A, whereas they failed to cluster with
actin inhibitors. Thus, proteome comparison using 2D DIGE
may help elucidate the target or the mode of action of a small
molecule of interest.

Perlman et al. employed data obtained by automated
microscopy to create compound profiles.""® For compounds
with known mechanisms of action multidimensional single-
cell phenotypic information was collected based on different
probes (staining for DNA; tubulin, actin, phospho-ERK,
phospho-p38, phospho-CREB, c-Fos, SC35, anillin, calmodu-
lin) to cover a broad range of cellular mechanisms. For each
cell, region, and probe, different measurements were per-
formed (e.g. size, shape, intensity) to generate a set of
descriptors. The population response to increasing concen-
trations of a given compound was used to create compound
profiles. Similar profiles were obtained for compounds with
different structures but common targets. Further proof-of-
concept provided blinded alternate titrations of known
compounds included in the set which clustered closely with
their unblinded counterparts and with compounds with
similar mode of action. In addition, one poorly characterized
compound, austocystin, clustered with transcription and
translation inhibitors and in vitro inhibition of transcription
could be confirmed.!"*!

Abassi et al. chose impedance measurements for dynamic
monitoring of compound’ influence on cells.'"”) This method
allows for detection of cellular effects of a small molecule
over time whereas other compound-profiling strategies are
based on end-point assays. An electrical sensor is employed
that continuously tracks morphological changes (e.g. cell
shape and movement) of adherent cells."”! When cells are
seeded in wells containing an electrode their attachment and
spreading on the electrode restricts the current and causes
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changes in impedance which is extremely sensitive to external
conditions such as temperature, pH value, and small mole-
cules.'™ By screening 2000 FDA-approved drugs, natural
products, and further bioactive compounds against the A549
non-small lung cancer cell line, Abassi et al. demonstrated
that the impedance change can be predictive of the mecha-
nism of action.'”! In addition, monitoring of impedance over
time allowed the short- and long-term impact of compound
treatment to be detected. The impedance-based time-depen-
dent profiles of the screened compounds were used for cluster
analysis. Good correlations were obtained for GPCRs, tubulin
modulators, and inhibitors of DNA synthesis and this
methodology predicted new mechanisms of action for char-
acterized compounds.

These profile comparison methodologies help to create
hypotheses for target proteins or mechanisms of action and
therefore require experimental verification. clearly, this
strategy for target deconvolution is restricted to known
targets. Thus, when a query compound fails to cluster with
characterized active molecules, novel modes of action should
be considered.

2.4. Protein Microarrays

Proteins immobilized in an array can be exposed to small
molecules to detect binding. Protein microarrays can be
produced using technologies developed for the spotting of
DNA. However, owing to possible denaturation, their gen-
eration is more complex than the production of DNA
microarrays.'?!! The main challenges in the development of
protein microarrays are the development of immobilization
strategies and methods which do not compromise protein
structure and function (for an extensive Review see Jonk-
heijm et al.’™®), and the expression and purification of
thousands of correctly folded and active proteins. Usual
cellular expression and purification of large numbers of
recombinant proteins is time-consuming and labor inten-
sive.'??l Although cell-free systems could help to overcome
these problems, current strategies suffer from lack of post-
translational modifications which might be necessary for
a given binding event. Nevertheless, protein microarrays
should be considered as a target-identification tool because
they may help to overcome problems of affinity-based
proteomics, such as the preferential detection of high-
abundant proteins and the challenging isolation of low-
abundant or low-affinity proteins. On a microarray, proteins
are displayed in equal amounts."'* Usually they are expressed
as His- or GST-tagged proteins for reversible site-specific
immobilization. Alternatively, proteins can be covalently
attached to the array surface, for example, through their
functional groups or by means of a chemical ligation
reaction.?! The analyzed small molecule is then exposed to
a protein chip and its binding to the target proteins is
detected. To this end, the compounds need to be labeled, for
example, with fluorophores. Despite the potential usefulness
of protein biochips, there are only a few examples for their
application in interaction studies of proteins with small
molecules (Table 1, entry 31).1%
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2.5. Computational approaches

Computational methods offer alternatives to experimen-
tal approaches to target identification. Keiser et al. used
a statistics-based similarity ensemble approach (SEA)!'* to
predict new targets of 878 FDA approved drugs and
2787 pharmaceutical compounds."®! SEA compares protein
targets considering similarities among their ligands. Subse-
quently a compound collection was screened against a panel
of more than 1400 proteins. Each target was characterized
only by its known ligands, and the two-dimensional structural
similarity of each drug to each target’s ligand set was
calculated as an E value using SEA. The novelty of the
predicted off-targets with strong E values was further ana-
lyzed against orthogonal databases and the literature. Known
associations could be confirmed (Revanil (lisuride) as an o,
adrenergic antagonist, Permax (pergolide) as 5-HT,, receptor
agonist). In addition 184 predictions were unprecedented.
Cross-activity occurred among G-protein coupled receptors
(GPCRs) which is well known.'! Interestingly, for some
drugs, the predicted new targets were unrelated to their
known targets, both by sequence similarity and structure. The
activity of these compounds against the predicted targets was
then determined experimentally for 30 predictions, four of
which could be confirmed (Table 1, entry 32-35).

This study was extended by Lounkine et al. who devel-
oped a guilt-by-association metric to create a drug-target
adverse drug reactions (ADR) network.["! Predicted new drug
targets were linked to ADRSs of those drugs for which they are
the primary or well-known off-targets. The resulting drug-
target-ADR network demonstrated that drugs often were
associated with off-targets unrelated in sequence and struc-
ture to their primary target and provides a tool to evaluate
candidate drugs according to their chemotype and the ADR
related to it.

Further related studies showed the potential of computa-
tional methods for target and off-target analysis.'?”) There-
fore, this approach can be used for systematic prediction of
targets and off-targets of bioactive compounds which can
contribute to the better understanding of their mode of
action. As for all comparative strategies, the limitations lie
within the dependency of the method on known targets and
their ligands.

2.6. Genetics Approaches for Target Identification

Yeast is often used as eukaryotic model organism for
mammalian diseases and pathways, since at least 31 % of the
proteins encoded by yeast genes have human homologues and
approximately 50% of the human genes implicated in
heritable diseases are also found in yeast.'®! Its ease of
manipulation and genetic tractability, the relative short life
cycle, its inexpensive maintenance and growth as well as its
stability in a haploid and diploid state, and the availability of
the baker’s yeast Saccharomyces cerevisiae genome since
1996 further fortify the employment of yeast as model
organism."”! The possibility to precisely insert DNA sequen-
ces at specific locations within the yeast genome by homol-
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ogous recombination*" led to the construction of a complete
set of deletion mutants™®! thus enabling new genomic screens
and large-scale comparative studies!"™? which gave rise to
successful strategies for target identification.'* One power-
ful approach established in S. cerevisiae is drug induced
haploinsufficient profiling (HIP) which is based on the fact
that lowering the dosage of a drug-target-encoding gene from
two copies to one copy in a diploid yeast will lead to
a heterozygote with increased sensitivity towards the drug
(Figure 11a)."3 An analogous approach to HIP is the
homozygous deletion profiling (HOP) where both copies of
non-essential genes are knocked out. In general HOP is not
used for target-protein identification, but it can be applied to
reveal functionally related or connected genes which buffer
the drug-target pathway or are involved in chemical detox-
ification. HOP could identify genes related to the mechanism
of action even if the target of the compound is not a protein.
Pioneering experiments using individual heterozygous strains
grown in the presence of sublethal concentrations of a com-
pound that directly targets the gene product of the hetero-
zygous locus demonstrated the feasibility of this approach for
identifying molecular targets.'¥ Each deleted gene was
replaced by a KanMX deletion “cassette” flanked by two
distinct 20-nucleotide sequences that serve as “molecular
barcodes” which enable the unique identification of each
gene disruption even in a pooled population.*!¥ The relative
sensitivities of the single strains could be quantified by using
high-density oligonucleotide arrays carrying the barcode
complements.[3!

The use of barcode strains enabled a first parallel
approach analyzing the influence of 10 compounds on the
whole yeast genome. For the anti-cancer agent methotrexate
(Table 1, entry36) not only the known target protein,
dehydrofolate reductase (encoded by DFR1), could be
identified but also genes acting upstream of DFR1 and
genes involved in compound availability. However, for
a second anticancer compound S-fluorouracil (5-FU,
Table 1, entry 37) the known target thymidylate synthase
was not found but instead several genes involved in essential
RNA processes were identified suggesting that 5-FU might be
directly incorporated into RNA. In consequence this first
genome-wide HIP assay revealed that the technique is
powerful not only for identifying targets but also for clarifying
modes of action and to gain information on transport proteins
which are involved in drug resistance.® Several additional
genome-wide profiling studies were performed making use of
the heterozygous deletion strain collection. For tricyclic
antidepressants (amitryptiline, imipramine, desipramine, clo-
mipramine, chlorpromazine, and trifluopromazine) it was
shown that they influence NEO1, a P-type ATPase and for the
drug tunicamycin target (Table 1, entry 38) proteins involved
in endoplasmic reticulum stress response and cell wall
glycosylation were identified.'* Furthermore it could be
demonstrated that normal vacuolar and Golgi complex
functions are responsible for the insusceptibility of the
aminoglycoside antibiotic gentamicin (Table 1, entry 39) in
eukaryotes!'™ and that DNA damage and modulation of
cytoskeleton dynamics are mechanisms of action of nitrogen-
containing bisphosphonates (N-BPs), such as ibandronate,
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alendronate and risedronate (Table 1, entry 40).157 Alterna-
tively HIP can be used to search for haploproficient genes
which lead to a fitness benefit instead of analyzing haploin-
sufficient genes. Huang et al. searched for haploproficient
genes for cisplatin (Table 1, entry 41)!*® and doxorubicin
(Table 1, entry 42)!®! treatment. Both drugs are major
components of chemotherapy regimens but induce a high
frequency of resistance. For cisplatin the approach identified
several genes with distinct functions in nucleotide metabo-
lism, mRNA catabolism, RNA Pol-II-dependent gene regu-
lation, and vacuolar and membrane transport systems. For
doxorubicin the small ubiquitin-related modifier pathway was
shown to be an important factor for resistance.**1%]

For the microtubule-targeting drug peloruside HIP could
not identify the direct target protein. However a HOP
approach revealed genes involved in regulation of mitosis
and cell cycle, protein synthesis, transport, secretion, RNA
processing, and steroid biosynthesis.'*")

The completion of a genome wide deletion collection of
Schizosaccharomyces pombe!™") allowed to apply the princi-
ple of drug-induced haploinsufficiency in this fission yeast as
well.'?) Thereby a more comprehensive screening for med-
ically relevant compounds was enabled, since 454 genes in
S. pombe are not conserved in S. cerevisiae but have a human
orthologue. A library of 2815 gene-deleted strains was inves-
tigated concerning the mechanisms of the anti-tumor and
adverse effects of bortezomib (Table 1, entry 43). Nineteen

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mutants with gene deletions showed synthetic lethality with
bortezomib and could be clustered according to their function
to the ubiquitin/proteasome pathway, to nuclear/chromatin
proteins and nuclear transport, to vesicular traffic, to amino
acid and vitamin metabolism, and to RNA metabolism. Of the
19 identified genes, 13 have human orthologues.

The creation of a sequence-verified organism and plat-
form-independent TagModule collection compatible with
Gateway cloning that can be readily adapted to any DNA
tagging strategy!'*’! allowed the rapid generation of tagged
mutants by transposon mutagenesis in diverse microorgan-
isms. Hence the principle of drug induced haploinsufficiency
could be applied to the pathogen Candida albicans and Sec7p
was identified as target of brefeldin A (Table 1, entry 44).0']

Multicopy suppression profiling (MSP) is a complemen-
tary gene dosage-based approach to HIP and HOP used to
identify molecular targets (Figure 11b).'* This method is
based on the assumption that overexpression of a small
molecule target results in increased tolerance towards this
drug. Luesch and co-workers established a genome wide
overexpression screen in S. cerevisiae and showed that strains
overexpressing PKC1 and a subset of downstream kinases
conferred resistance to the kinase inhibitor phenylaminopyr-
imidine (Table 1, entry 45). Furthermore they found proteins
of two additional pathways genetically interacting with PKC1
signaling. A related approach by Butcher and coworkers was
based on a pooled population of approximately 3900 yeast
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strains each overexpressing a different protein. Resistant
strains could be identified by a microarray technique. As
proof of concept they confirmed TORI1 as target of rapamycin
as well as several other genes involved in transcription,
translation, and cell-cycle regulation.'*) Recently a similar
approach was described for S. pombe.l'*?! A set of approx-
imately 5000 different fission yeast ORFeome-expressing
strains in a background lacking drug efflux pumps was used
to analyze the mode of action of etoposide (Table 1, entry 46).

A powerful approach was developed by combining HIP
and HOP with MSP on a single TAG microarray.'*”
Examining the effect of increasing and decreasing gene
dosage simultaneously improves the sensitivity and specificity
of small-molecule target identification, as the probability that
a gene product is a cognate target is higher when the deletion
strain is sensitive and the overexpression strain is resistant to
the drug. Hoepfner et al. made use of this principle in the
identification of the target of the natural product cladosporin
(Table 1, entry 47).*| HIP revealed lysyl-tRNA synthetase as
target protein that was confirmed by an overexpression
experiment. Furthermore the examination of S. cerevisiae
mutants that confer cladosporin resistance revealed non-
synonymous mutations that were predicted to map near the
binding pocket for ATP in lysyl-tRNA synthetase.

The molecular barcode technology was recently improved
by switching from microarray-based analysis!'*! to next-
generation sequencing. Barcode analysis by sequencing
(“bar-seq”) surpassed barcode microarray hybridization in
sensitivity, dynamic range, and detection limit."®" However,
most genetics-based approaches do not yield individual
targets but rather pathways, as single deletions may influence
a whole pathway and several deletions may show the same
phenotype because of pathway changes. Thus, additional
experiments are necessary to confirm the mode of action.
Furthermore HIP and HOP depend on cell growth and thus
are especially suitable for identifying target proteins impor-
tant for oncology and antifungal applications. Typically, clear
results from HIP/HOP studies are obtained for enzyme
inhibitors or when the compound causes a loss of protein
function. HIP will fail to identify the target if the coding gene
is duplicated. In such cases, however, HOP might help to
identify related or connected genes. Additionally, the method
might be hampered by the drug target not being encoded in
the yeast genome or the effect on the drug target might be
rescued by a redundant pathway. Notably, the yeast cell wall
may pose a significant hurdle for entering of small molecules
into yeast. In addition, yeast and related model organisms
have several drug efflux pumps which may efficiently reduce
compound concentration. Such hindrances can be overcome
by knocking out drug transporters® or enhancing drug
accumulation in §. cerevisiae by repressing pleiotropic drug
resistance genes.™? Giaever et al. established a structure-
based accumulation model (SAM) to overcome the general
resistance of Caenorhabditis elegans to pharmacological
perturbation.!'*® This computer-based model can be applied
to other organisms and can help to prioritize available
molecules thus improving screen effectiveness.

The production of short-hairpin (shRNA) vector libraries
has facilitated genome-wide screens using RNAi in mamma-
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lian cells. Brummelkamp et al. introduced a collection of
23742 different pPRETRO-SUPER vectors designed to target
7914 human genes for suppression by RNAi into MCF-7 cells
to gain insight in the mechanism of action of nutlin-3 (Table 1,
entry 48).°¥ This large-scale shRNA barcode screen demon-
strated the feasibility of this approach to reveal complete
understanding of drug action. A similar approach was
described by Burgess et al.'> They chose shRNAs targeting
a set of known cancer-relevant genes (“cancer 1000”) to
investigate resistance to doxorubicin in a well characterized
mouse model of lymphoma. Carette et al. developed a haploid
genetic screen in human cells by using insertional mutagenesis
to generate null alleles in the 7 KBM7 chronic myeloid
leukemia cell line haploid for all chromosomes except
chromosome 8.1 Application of this global gene-disruption
strategy served to elucidate the entry pathways of tunicamy-
cin™” and the Ebola virus.™” A comparable method was
introduced by Elling et al.'*® They generated mammalian
haploid embryonic stem cells from mouse blastocysts and
mutagenized the haploid cells with retroviruses containing
areversible gene trap. Using this haploid embryonic stem-cell
system a genome-wide screen for genes involved in ricin
toxicity was performed. Luesch et al. uncovered the impor-
tance of FGFR-mediated signaling in modulating apratox-
in A (Table 1, entry 49) activity by transiently transfecting
a mammalian expression cDNA collection (27000) thereby
enabling a genome-wide overexpression screen.!'>!

2.7. Expression-Cloning-Based Methods
2.7.1. Three-Hybrid Systems

The yeast two-hybrid system is a powerful tool to identify
protein—protein interactions.'®”) By analogy the yeast three-
hybrid system was established to detect interactions between
small ligands and protein receptors.'®! This approach
employs three hybrid molecules: the “fish”, the “bait”, and
the “hook”. The “bait” is a covalently linked heterodimer of
two small-molecule ligands. If one ligand binds its receptor
which is fused to a DNA-binding domain (“hook”) and the
other ligand binds to its receptor fused to a transcriptional
activation domain (“fish”) a reporter gene will be expressed
which enables the selection of yeast cells with the relevant
receptors (Figure 12a).

First pioneering experiments using a hybrid ligand of
dexamethasone and the immunosuppressant FK506, the
glucocorticoid receptor attached to a LexA DNA-binding
domain and the FK506 binding protein attached to the
transactivation domain of the bacterial protein B42 showed
the feasibility of this approach.'®!] Becker and co-workers
studied the limitations of the yeast three-hybrid system
focusing on the targets of ATP-competitive active site
kinase inhibitors.'® The screening of a purvalanol B
(Table 1, entry 50) methotrexate fusion compound against
a cDNA library and yeast cell arrays displaying selected
polypeptide open reading frames identified known target
proteins as well as novel targets. Furthermore it was
demonstrated that the yeast three-hybrid approach is appli-
cable to micromolar and nanomolar inhibitors.'*! Chidley
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Figure 12. Three-hybrid systems. a) Yeast three-hybrid system."®"! b) Mammalian small-molecule protein interaction trap (MASPIT)."*¥ ¢) Coiled-
coil enabled split-luciferase three-hybrid system."®! DHFR: dihydrofolate reductase, DBD: DNA-binding domain, MTX: methotrexate, C:
compound, TAD: transactivation domain, fluc: firefly luciferase, STS: staurosporine.

et al. developed a yeast three-hybrid method in which the
compound of interest is coupled to O°-benzylguanine
(BG).®Y From this construct the compound of interest is
transferred to the SNAP-tagged LexA DNA-binding domain
inside the yeast cell. The BG derivative can be coupled to
a variety of functional groups and enables the attachment to
glutathione beads via a GST-SNAP fusion protein allowing
the direct confirmation of identified target proteins by
subsequent affinity chromatography. Notably, the sensitivity
of the yeast strain was increased towards a broad range of
compounds by deleting three genes coding for drug trans-
porters to increase compound concentration in yeast cells.
The method was used to identify the first nonkinase target of
erlotinib, and to show that PDE6D binds atorvastatin
(Table 1, entry 51). In addition, the anti-inflammatory drug
sulfasalazine (Table 1, entry 52) was shown to bind to the
enzyme sepiapterin reductase (SPR). In follow-up experi-
ments it could be proven that inhibition of SPR by sulfasa-
lazine led to reduced tetrahydrobiopterin levels and
decreased NOS (nitric oxide synthase) activity in the gastro-
intestinal tract which may explain the role of sulfasalazine in
the treatment of inflammatory bowel disease.

The yeast three-hybrid system has the advantage that
cDNAs coding for the target proteins can be directly isolated
and identified. However, if the target protein is not properly
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folded and posttranslationally modified or if it is an integral
membrane protein, or part of a protein complex it will not be
identified. Also the hybrid ligand must be permeable to yeast
cells and it must retain its functional activity. Some of these
limitations may be overcome by the mammalian small-
molecule protein interaction trap (MASPIT, Figure 12b).%!
This three-hybrid system is based on the cytokine-receptor-
associated JAK (Janus-activated kinase)-STAT (signal trans-
ducer and activator of transcription) signal transduction
system. It consists of Escherichia coli DHFR fused to
a chimeric cytokine receptor including the ligand binding
domain of the erythropoietin receptor and the cytoplasmic
domain of a mutated leptin receptor which has no functional
STAT3 recruitment sites. The potential target proteins are
expressed as fusions of gp130 which contains STAT3 binding
sites. The DHFR protein provides an interaction site for
a methotrexate—small-molecule hybrid. An interaction of the
small molecule with its protein target restores an Epo-
dependent activation of JAK2/STATS3 signaling and induces
the expression of a STAT3-responsive reporter gene. As the
interactions occur in the cytoplasm no nuclear translocation
of fusion proteins or small molecules is necessary. Caligiuri
et al. demonstrated the feasibility of this approach by using
the FK506 analog AP1867, the ABL kinase inhibitor
PD173955, the CDK2 inhibitors RGB-285961 and RGB-
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286147, the CDK and GSK3 inhibitor RGB-285978, and the
carbonic anhydrase inhibitor E7070.1'%?

Another approach addressing at least the problem of cell
permeability is the coiled-coil enabled split-luciferase three-
hybrid system introduced by Jester etal. for profiling of
protein kinase inhibitors.'! Their approach employs a cell
free translation system and consists of the N-terminal part of
firefly luciferase attached to the Fos coiled-coil peptide and
the C-terminal part of the luciferase attached to a kinase.
Addition of the heteroconjugate composed of the pan-kinase
inhibitor staurosporine conjugated to the Jun coiled-coil
peptide lead to reassembly of the active luciferase. Kinase
inhibitors can be identified by decrease of the luciferase signal
caused by displacement of the modified staurosporine (Fig-
ure 12¢). For a proof of principle the kinases PKA, AKT]1,
FGFR1/FLT2, and PIM1 were tested for the inhibition by
80 known kinase inhibitors. All four kinases showed distinct
inhibitory profiles.

2.7.2. Display Technologies

Display systems physically link of a polypeptide’s pheno-
type and its corresponding genotype.'®! Among the available
display techniques, phage display is most widely adopted
(Figure 13a). In phage display the genes encoding proteins of
interest are cloned into bacteriophages to form fusion
proteins with the phage coat protein which are expressed on
the phage surface. Random sequences of peptides!'®! or
cDNA of human tissues can be displayed on phage parti-
cles'! By exposing the phages to and binding to an
immobilized compound target proteins can be identified
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through binding. Target identification is achieved by amplifi-
cation and sequencing of the phage DNA. The main
advantage of this approach is the ability to amplify selected
phage particles by transfection into Escherichia coli thus
enabling additional rounds of target identification with phage
populations enriched in phage particles displaying the target
protein. This “biopanning” even allows the detection of
normally only weakly expressed proteins. Sche et al. used
biotinylated FK506 and identified the known target FKBP12
from a human brain ¢DNA library."® Further studies
revealed hNoppl140 as molecular target of doxorubicin,®
and Bcl-2, NSC-1, and NFX1 as targets of paclitaxel (Table 1,
entry 53),'"1 Ca**/Calmodulin as target of the curcumin
derivative HBC (Table 1, entry 54),'7 UQCRB in mitochon-
drial complex III as target protein for terpestacin (Table 1,
entry 55)" and TACC3 as novel target for bisphenol A
(Table 1, entry 56).'7*) Piggott and Caruso could identify the
human ribosomal protein S25 as the molecular target for the
anticancer drug kahalalide F (Table 1, entry 57) using three
different T7 phage-displayed human disease cDNA libra-
ries'™ By fingerprinting the selected clones with the
frequent base cutter Hinfl many clones could be screened
very quickly, thereby facilitating the analysis of a far greater
number of phages without the need for sequencing. For the
target identification of paclitaxel™® and cyclosporin Al™!
a photoaffinity coupling method was used in which a reactive
carbene formed by UV irradiation immobilizes the compound
nonspecifically.

Phage display offers several advantages. Most notably,
problems due to protein abundance can be overcome by
amplification of the target protein. The direct identification of
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Figure 13. Display technologies for target identification. a) Principle of phage display. b) Principle of mRNA display.
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target proteins from cDNA in the phage is possible and
subdomains responsible for binding can be determined when
the expressed cDNA is shorter than full length. Disadvan-
tages are the lack of posttranslational modifications in
proteins and the potentially improper folding of the expressed
polypeptides. Furthermore, the display of membrane proteins
may be problematic and the coding sequence of the target
protein has to be in-frame with the coding sequence of the
phage coat protein.

In mRNA display a newly translated mRNA molecule is
covalently linked to its encoded polypeptide by puromycin.
Puromycin is a nucleotide-amino acid chmiera that mimics
the 3’ end of tyrosyl-tRNA (it mimics adenosine and
tyrosine).'’'Puromycin has a non-hydrolysable amide bond
and interferes with translation by premature peptide release.
In vitro translation of these constructs results in protein—
mRNA fusion molecules that are purified and reverse
transcribed into cDNA templates for further amplifica-
tion.'””! The mRNA-displayed protein library is then incu-
bated with a small molecule immobilized on a solid support.
Bound constructs are eluted and amplified by polymerase
chain reaction (PCR) which results in an enriched drug-
binding library that can be used for further selection (Fig-
ure 13b).

Although mRNA display in principle can be applied to
every organism from which mRNA can be isolated and
furthermore bypasses as an in vitro technique several limi-
tations like problems in cloning and expression, and toxicity
of the displayed peptides it was to date only applied in a proof
of concept study. McPherson and co-workers constructed
a library of mRNA-displayed proteins from human liver,
kidney, and bone marrow transcripts, and selected against
biotinylated FK506.1"® Recently, the successful target iden-
tification by mRNA display selection on a microfluidic chip
was reported.'””! Nucleophosmin was identified as the target
protein of the phthalimide derivative 2-(2,6-diisopropyl-
phenyl)-5-amino-1H-isoindole-1,3-dione  (TC11, Table 1,
entry 58).

3. Target Confirmation

The methodologies for target identification serve to create
a hypothesis for a potential mode of action that has to be
demonstrated by confirmation experiments. If several pro-
teins are target candidates they need to be prioritized
according to their known functions and in relation to the
compound-induced phenotype. For this prioritization the
design and implementation of proper control experiments to
distinguish non-specific binding is essential. Further it should
be considered that identified proteins might not be direct
targets but part of a protein complex containing the target.
Protein interaction databases provide information on pro-
tein—protein interaction networks.!'®"

Usually the identification of proteins that bind to
bioactive small molecules is confirmed with specific anti-
bodies in immuno-blotting experiments after affinity isolation
of the target protein. The enrichment of the target protein is
then compared with a control sample which can be obtained
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from a pulldown experiment with an inactive deriva-
tivell 71853055621 o1 3 competition experiment using an excess
of unmodified compound.['7-47:51a.57.64]

Determination of the binding affinity of a small molecule
for its putative target provides a strong evidence for target
confirmation. Several methodologies, primarily used to
examine protein—protein interactions, have been successfully
employed for small-molecule—protein interaction studies,
mainly surface plasmon resonance!'**%81 and isothermal
calorimetry (ITC).I10:30:30 For surface plasmon resonance,
the compound needs to be immobilized on the chip surface
and thus is modified, which might decrease potency and might
result in lower affinities compared to the unmodified small
molecule. For ITC, unlabeled small molecules are used which
allows to determine K, (dissociation constant) values for the
label-free compound. Further techniques to assess binding
affinities include fluorescence polarization,'”! enzyme-linked
immunosorbent assay (ELISA),”? homogeneous time-
resolved fluorescence (HTRF),'®! amplified luminescent
proximity homogeneous assay (ALPHA),*? and microscale
thermophoresis (MST).'" All of these methods require
a purified target protein and mostly a modification of the
active compound (e.g. with a fluorophore, biotin or a linker
with functional group for immobilization). Dadvar et al.
employed label-free compounds for UV/Vis absorption,
fluorescence emission and "N NMR spectroscopy to confirm
the interaction of PF-3717842 (Table 1, entry 59) with the
phosphatidyl ethanolamine binding protein2 (PEBP2).!3¢
Circular dichroism (CD) spectroscopy detected the confor-
mational change in a protein‘s structure upon ligand bind-
ing.>* Also the thermal stability of a protein in unbound and
ligand-bound state provides information on ligand binding
since the small molecule might stabilize the protein’s native
confirmation. This will increase the thermal stability of the
protein which can be detected by CD spectroscopy.”® By
means of the DARTS method also ligand-induced stabiliza-
tion of a protein can be monitored.”® Further methods like
ultracentrifugation, microscale equilibrium dialysis!'® and
electrochemical sensing!*! were reported for determination
of protein-ligand interactions. In addition, the physical
interaction of a small molecule with its target protein can
also be detected in cells using Foerster resonance energy
transfer (FRET)-based fluorescence life-time imaging mi-
croscopy (FLIM), which requires a fluorescently tagged
protein and a compound labeled with a fluorophore.['’-15"]

Binding of a small molecule to a protein not necessarily
will modulate its functions. For that reason, further functional
experiments are required for target confirmation. Clearly,
when the target possesses enzymatic activity, the modulation
of this activity should be assessed in an enzymatic
assay.?#>%1581 Although an enzymatic activity assay can be
employed to further optimize the activity for a given target,
the resulting structure-reactivity relationship may signifi-
cantly deviate from the data obtained with the initially used
cell-based assay because of cell permeability, compound
stability, cellular distribution and engagement in different
pathways. If already chemical modulators are reported for the
putative targets the phenotypes they induce should be
compared with the query compound.’**" Related to this,
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for the targets RNA interference (RNAi) and/or cDNA
overexpression should be performed to analyze whether this
might phenocopy the influence of the bioactive small
molecule in the studied system. RNAI is widely used today
to knock-down proteins of interest. For several identified
target proteins the impact of small interfering RNA (siRNA)
or short hairpin RNA (shRNA) might have been already
reported and will help to prioritize given targets.'”*! When
RNAI for a gene encoding a putative target protein is not
reported or present studies focused on different cellular
characteristics, target confirmation should include this meth-
odology as has been demonstrated for numerous target
proteins.”” ¥ Furthermore, usually less compound is
required to produce a certain phenotype after a knock-
down of the target gene.””® Knock-down efficiency must be
quantified by either real-time PCR or by a specific antibody.
Further, off-targets of the siRNA used should be excluded. It
should be considered that a gene knock-down might not
produce the same phenotype as a small molecule. Whereas
RNA:I will reduce the amount of the protein in the cells, small
molecule will not. Target overexpression analysis could
support the target hypothesis since it might abrogate the
influence of the small molecule®'™%*¥ or phenocopy the
ligand activity if the compound acts as an activator.

Fluorophore-tagged small molecules can be employed to
examine compound localization within cells and a potential
co-localization with the target protein.’*** ¥l However, the
attached fluorophore may change the physicochemical prop-
erties of the compound and lead to a different distribution
within the cells than the non-labeled small molecule. Muta-
tion analysis or domain mapping of the protein could reveal
the mode of ligand binding.P"™%! Co-crystallization of the
small-molecule-target complex will not only reveal the bind-
ing site but also could explain the mechanism of modulation
and suggest modification of the compound to improve its
binding, 6]

Altogether, target confirmation is as important as target
identification. Confirmation of the target should not only
include determination of the binding affinity of the ligand but
should also be sought in the cellular context of the phenotypic
screen. Combination of biophysical, biochemical, cell biolog-
ical, and structural biology methodologies will contribute to
the assembly of the puzzle and, in the end, yield an indicative
picture of a compound’s cellular activity.

4. Troubleshooting

Although many attempts might be undertaken to identify
the molecular targets of an active small molecule, they may
fail for several reasons. To identify target proteins using
affinity chromatography, the design and the synthesis of
proper probes, in case they are needed, is crucial. Structure—
activity relationships should provide the information for
determining the appropriate site to derivatize. If no structure—
activity relationship is available, photo-crosslinking of the
compound to a solid surface or attachment of the linker to
a different position in the molecule or label-free method-
ologies should be considered. In order to distinguish non-
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specific binders, a control experiment should be performed
employing either an inactive derivative or a competition
strategy. To enrich low-abundant proteins, cell fractionation
can be performed. When a simple comparison of isolated
protein with the active and control probe cannot identify
a target candidate, a quantitative proteomic analysis should
be taken into consideration.

Several successful examples of target deconvolution are
reported. However, often the proteins identified are highly
abundant or have high affinity for the ligand. Moreover, the
target proteins should be in a native conformation in the
experimental setup to bind to the small molecule. The
isolation of membrane proteins, especially of those spanning
the membrane multiple times, might pose a big hurdle owing
to the hydrophobic nature of these proteins and their low
abundance. Moreover, membrane proteins usually need to be
in their natural environment to exert their characteristic
binding properties and to keep their three-dimensional
structure.’?! A trifunctional probe which, in addition to the
ligand, includes a protected hydrazine group to react with
carbohydrates on glycoprotein receptors and a biotin func-
tionality for affinity purification could help to overcome this
problem.P? Tt also should be considered, that the molecular
targets of small molecules might not be proteins but rather
other biomolecules, such as DNA or RNA, lipids, or
carbohydrates." In light of this fact, broad exploration of
the activity profile of the compound could help to narrow
down the possible targets. Different strategies for target
identification are established. They should be regarded as
complementary and need to be explored separately in each
particular study.

5. Case studies

5.1. Target Identification of Adenanthin by Using Chemical
Proteomics

Adenanthin (7, Figure 14), a diterpenoid isolated from the
leaves of Rabdosia adenantha, induces differentiation of acute
promyelocytic leukemia (APL) cells.®" It induces APL-like
cell differentiation, represses tumor growth in vivo, and
prolongs the survival of mouse APL models that are sensitive
and resistant to retinoic acid. APL is a unique subtype of
acute myeloid leukemia (AML) that is genetically charac-
terized by chromosome translocations involving the retinoic
acid receptor. ATRA (all-trans retinoic acid) and arsenic
trioxide, which are used for treatment of APL, are believed to
target and lead to the destruction of the APL-specific fusion
proteins. Unlike ATRA, however, adenanthin neither
restored the APL-specific fusion protein-disrupted nuclear
body, nor cleaved or degraded APL-specific fusion proteins,
thus excluding the possibility that adenanthin targets fusion
protein complexes to induce differentiation. These observa-
tions suggested a novel target to explain adenanthin’s mode of
action. After establishing a structure—activity relationship of
adenanthin, a biotin-tagged adenanthin probe 8 and a neg-
ative control 9 were synthesized for target identification by
means of a chemical proteomics approach (Figure 14).1%% Tt
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Figure 14. Structural formula of adenanthin (7) and adenanthin-based
pulldown probes.

was assumed that the a,3-unsaturated moiety in adenanthin is
a Michael acceptor that potentially captures nucleophiles,
such as cysteines, at its targeted binding site and forms
covalent adducts, thus allowing for efficient protein recovery
by the pulldown probe. Moreover, reduction of the Michael-
acceptor double bond of adenanthin to a single bond
abolished its differentiation-inducing activity on NB4 cells,
making it a suitable negative control. NB4 cell lysates were
incubated with biotin—adenanthin or free biotin, and the
bound proteins were isolated with streptavidin-coated agar-
ose beads, followed by SDS-PAGE and silver staining. Only
one band, with a molecular mass of approximately 23 kDa,
was clearly precipitated by biotin-adenanthin, but not by free
biotin. Formation of the band was completely prevented by
high concentrations of unlabeled adenanthin, indicating
a specific interaction. Mass spectrometry revealed that the
adenanthin-bound protein is peroxiredoxin I and IT (Prx I-
IT). Western blotting with selective antibodies against Prx I,
Prx II, or the other four Prx isoforms, (Prxs III-VI) showed
that NB4 cells expressed all six Prx isoforms, and biotin—
adenanthin effectively pulled down Prx I and Prx II, but not
Prxs IV-VI. Biotin—adenanthin also effectively bound in vitro
the recombinant Prx I and Prx II protein, and this binding was
competitively inhibited by higher concentrations of free
unlabeled adenanthin.

Immunofluorescence staining with antibodies against
Prx1 or PrxII and streptavidin-fluorescein isothiocyanate
(FITC) also demonstrated that biotin-adenanthin co-local-
ized with PrxI and Prx II in the cytoplasm and nucleus of

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. Ziegler et al.

NB4 cells. Further investigations of MS-fragmentation patters
revealed the selectivity for the cysteine residues modified in
Prx I and I, respectively. Prx I and Prx II expression levels
are upregulated in almost all AML subtypes, and in addition,
Prx I and Prx II were reported to be elevated in a number of
human cancers and were proposed as potential targets for
anticancer drugs.

5.2. Activity-Based Proteome Profiling of Palmostatins

Recently, the ABPP-methodology was employed to
elucidate the cellular targets of the Ras-modulating APT1
(acyl protein thioesterase 1) inhibitor palmostatin B (13)[!%7]
and the related substrate analogue-based inhibitor palmosta-
tin M (10) in live cells (Figure 15)."*! Mutated and conse-
quently active H-Ras and N-Ras are major oncogenes
responsible for early development of cellular tumourigenesis
and enhanced survival signaling. It has been suggested that
attenuation of H/N-Ras activity can be achieved by interfer-
ing with its localization at the plasma membrane by affecting
its palmitoylation status. Palmostatin B has been shown to
delocalize H-Ras in cells and inactivate APTs by reversible
covalent modification of the enzyme active site through a f3-
lactone electrophile, thus acting as slowly hydrolyzed sub-
strates, and therefore good starting candidates for the design
of ABPP-probes.”* Palmostatin B (13) was equipped with an
alkyne functionality at the lipid tail (14, Figure 15), and two
versions of palmostatin M (10) were synthesized, in which the
alkyne functionality was located either at the lipid tail (11) or
at the polar head group (12) (Figure 15). When ICs, values of
APT1 inhibition were determined for the three probes, no
major differences resulting from the different regioisomeric
alkyne labeling patterns were recorded. HeLa cells were
incubated with the corresponding probes, washed and lysed
and the resulting lysate was treated with Biotin—tetramethylr-
hodamine (TAMRA) azide in a copper(I)-catalyzed alkyne—
azide cycloaddition, followed by enrichment with magnetic
streptavidin beads (see Section 2.1.4). Subsequently, in-gel
fluorescence scanning was employed to detect labeling events.
Proteomic analysis after in-gel tryptic digestion identified
APT1, APT2, and PPT1 as major targets. In quantitative
western blotting of pulldown experiments, a significant differ-
ence in labeling efficiency between the regioisomeric alkyne
derivatives (11 vs. 12) was noticed. This result suggested that
the accessibility of the alkyne for the copper(I)-catalyzed
alkyne-,azide cycloaddition when bound to the protein is of
importance for the overall efficiency of the pulldown experi-
ment. The proteomics investigation revealed that the iso-
enzyme APT2 also is targeted by the palmostatins, in addition
to PPT1 and APTI1. Biochemical inhibition assays of
recombinant human APT2 revealed similar 1Cy, values for
APT2 compared to APT1. The lysosomal depalmitoylating
enzyme PPT1 has no importance for cell signaling, leaving
APT1 and APT2 as the primary targets for the palmostatins.
Notably, no other intracellular esterases (such as phospholi-
pases Al, A2, C, and D) relevant to Ras signaling were
identified as targets for the palmostatins, which confirms the
selectivity of the probes. This study verified, for the first time,
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Figure 15. Structural formula of palmostatin M (10) and B (13) and
related probes.

that APT2 is indeed an N-Ras depalmitoylating enzyme. The
direct interaction between palmostatin B and APT1 in cells
was investigated by fluorescence lifetime imaging (FLIM), in
which cells were transfected with eGFP-tagged APT1 and
subsequently treated with cell-permeable TAMRA-labeled
palmostatin B (15, Figure 15).%"" It was found that the
lifetime of the emitted fluorescence of the e GFP fluorophore
of APT1 was significantly reduced, providing confirmation
for a direct interaction through selective quenching by
TAMRA. This approach exemplifies the complementary use
of proteomics techniques with confocal imaging, allowing for
direct correlation in live cells.
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5.3. Affinity-Based Monoamine Oxidase Inhibitors

A major challenge in ABPP is to expand the set of probes
beyond classical a,B-hydrolases, thus enabling the investiga-
tion of a larger set of the catalytically active proteome. In
a recent paper, MAO-targeting substances were investigated
using an ABPP-approach.’® Flavine-dependent oxidases
consist of a large family of proteins with diverse oxidative
functions, such as halogenations, desaturations, and amino-
xidations. Monoamine oxidases (MAOs) are flavin adenine
dinucleotide (FAD)-containing enzymes, which catalyze the
oxidative deamination of several important neurotransmit-
ters, including serotonin, norepinephrine, and dopamine as
well as xenobiotic amines. In MAOs, the flavine co-factor is
covalently attached to the protein by a cysteine linkage and
tertiary N-methyl, N-propargyl amines, such as deprenyl (16)
and pargyline (17) (Figure 16a), are known to covalently
modify the co-factor post oxidation by Michael-addition to
the isoalloxazine ring of the FAD (Figure 16b).l) Deprenyl
and pargyline have been used in the cell biological and
biochemical characterization of MAOs and are today used as
approved drugs in clinical applications. A set of inhibitors
(18-19) derived from pargyline and deprenyl was synthesized,

a)
Me

SO

Deprenyl (16)

L0
Me

Pargyline (17)

b)
s Rib f
\ "
N N__O S thi)
Y N__N.__O
N NH | \g-'
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\\" , 0

gr;g];.on ® Michael addition Target

Identlflcatlon
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(20) o™ " (1) o/\/\\\

Pulldown probes

Figure 16. a) Structures of deprenyl (16) and pargyline (17). b) Label-
ing of monoamine oxidases. c) Structures of deprenyl and pargyline
pulldown probes.
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keeping the reactive propargylic amine intact and adding an
alkyne tail at the aromatic moiety of the molecules, thus
allowing for alkyne-azide cycloaddition visualization in cell
lysates (Figure 16¢). The probes were reasonably potent for
MAO A (ICs, 0.93 pm for 17 and 0.04 um for 19) and MAO B
(ICs 0.11 pm for 16 and 1.76 um for 18) inhibitors in vitro.
Control compounds 20-21, carrying a free NH functionality
did not react. Recombinant human MAO preparations were
incubated with the probes, and subsequent attachment of
a TAMRA-azide tag by copper(I)-catalyzed alkyne—azide
cycloaddition. SDS-PAGE and in-gel fluorescence scanning
were employed to detect labeling events. In initial experi-
ments it was demonstrated that both isoforms of MAO (A
and B) can be efficiently labeled as main targets by the probes
(18-19) with slightly different isoform preferences, at con-
centrations as low as 100 nMm. All potent probes identified in
the initial screening include methyl-substituted tertiary
amines, indicating that this feature might be important for
efficient labeling, which is in good agreement with the
established pharmacophore of known MAO inhibitors. In
competition experiments it was shown that ABPP probes
compete with MAO-specific inhibitors for the same binding
site (flavin cofactor) in the enzyme active site, since pargyline
is able to efficiently block MAO labeling by the
ABPP-probe. Further, MAO-labeling was demon-
strated in tissue homogenates employing deprenyl
and pargyline-derived ABPP-probes. These results
demonstrate that the developed ABPP system can
serve as an effective chemical tool for profiling
activity of isoforms of MAO in cell culture, as well
as in tissue samples.

5.4. Target Identification of Centrocountins by using
Chemical Proteomics

Investigation of a library of indoloquinolizines in
a phenotypic screen for mitotic arrest identified
compound (22) termed centrocountin 1 that caused
the formation of multiple mitotic spindles in BSC-
1 cells.l'’ More detailed investigations identified the
compound as a modulator of centrosome integrity.
Centrocountin 1 caused formation of fragmented and
supernumerary centrosomes, chromosome congres-
sion defects, multipolar mitotic spindles, acentroso-
mal spindle poles, and multipolar cell division. These
effects suggested that centrocountin targets the
centrosomal machinery. A focused subset of centro-
countin derivatives was prepared and on the basis of
a detailed structure-—activity relationship, pulldown
probe 24 and negative control probe 25 were synthe-
sized for target identification by means of a chemical
proteomics approach (Figure 17). Compound 24 was
immobilized on sepharose beads by NHS-coupling
and exposed to HeLa cell lysates. Enriched proteins
were released by elution with a tenfold excess of
unmodified centrocountin, followed by mass spectro-
metric identification of the bound proteins, revealing
that probe 24, but not control probe 25, binds the
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nucleolar and centrosomal protein NPM and U2 small
ribonuclear protein. Knock-down of NPM by RNAI induces
fragmentation of centrosomes and impairs chromosome
congression and mitotic spindle formation in HeLa cells.'
NPM is involved in the regulation of centrosome duplication
during mitosis and also promotes ribosome biogenesis. On the
basis of these data, NPM was confirmed as a target protein.
Reversible binding of NPM to 24 was further confirmed by
immuno-blotting with an NPM-specific antibody and by
concentration-dependent competition between immobilized
and non-immobilized centrocountin. In addition, regulation
of centrosome duplication by NPM includes complex for-
mation with the nuclear export receptor Crm1."””! Crm1
RNAI knock-down as well as Crm1 inhibition (by leptomy-
cin B) led to similar defects in chromosome alignment and
spindle assembly as observed upon treatment with centro-
countin. Investigation of the affinity pulldown experiment by
immuno-blotting with a Crml-specific antibody indeed
revealed binding of Crml to the immobilized centrocountin
probe. Proof for the direct interaction between indoloquino-
lizine probe 23 and NPM, as well as Crml1, in HeLa cells was
established by means of fluorescence lifetime imaging
(FLIM) of the donors NPM-citrine and enhanced yellow

Acceptable position for
\ substitution from SAR

MeO,C

Pulldown construct (24)

Sepharose
HN AT N/
H

Negative control pulldown construct (25)

Figure 17. Structural formula of centrocountin (22) and probes for FLIM and
affinity chromatography.
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fluorescent protein (EYFP)-Crml1 after addition of the Cy3-
labeled centrocountin (acceptor). These findings revealed
that both NPM and Crm1 independently bind centrocountin
and that centrocountin independently targets the centrosome-
associated proteins NPM and Crm1 in cells. It thereby leads to
impairment of centrosome and spindle integrity, chromosome
congression defects, and cell-cycle arrest at the M-stage, thus
ultimately resulting in apoptosis.

5.5. Target Identification of Tubulexins by Using SILAC

Tetrahydropyrans occur widely in nature and are endowed
with pronounced biological activities. For instance the natural
product centrolobine and closely related compounds have
antibiotic and antioxidative activity. Evaluation of a library of
tetrahydropyrans in a phenotypic screen monitoring changes
associated with impaired mitosis revealed structurally novel
modulators of mitosis termed tubulexins.®? The most active
compound tubulexin A (26, Figure 18) targets the chromo-
some segregation process and the vinca alkaloid binding site
of a,B-tubulin. DNA staining and FACS analysis revealed that
treatment with tubulexin A resulted in a virtually complete
arrest of BSC-1, HeLa, and MCF-7 cells in the G2M phase.
Tubulexin A arrested HeLa cells at concentrations as low as
2 uMm, whereas tubulexin B (27; Figure 18) and tubulexin C
(28) were less potent, and at least 10 um was required for cell-
cycle arrest in HeLa and BSC-1 cells. Induction of apoptosis
by tubulexin A was confirmed by elevated activity of caspase-
3 and caspase-7 in HeLa and BSC-1. Based on these results,
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Negative control pulldown probe (30)

Figure 18. Structural formula of tubulexin A-C and probes for pulldown.
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tubulexin A was chosen for further characterization. From the
tetrahydropyran library, a reasonable structure—activity rela-
tionship could be established, suggesting affinity probe 29 and
negative control probe 30 for synthesis (Figure 18). The
resulting probes were employed in affinity pulldown experi-
ments using the quantitative SILAC (stable isotope labeling
by amino acids in cell culture) approach to identify potential
target proteins.”"! The biological activities of the selected
biotinylated tubulexin probes 29 was characterized in relevant
cellular assays, and was found to largely retain activity,
compared to unmodified tubulexin A. The biotinylated
probes 29 and 30 were immobilized on magnetic streptavi-
din-coated beads and incubated either with isotope-labeled or
unlabeled HeLa cell lysates. After release from the strepta-
vidin by heat denaturation, labeled and unlabeled pulldown
samples were combined, and the proteins were separated by
SDS-PAGE and identified by means of nano-HPLC-MS/MS
analysis. Only proteins for which the binding ratio of
quantified labeled SILAC peptides compared to unlabeled
peptides was significantly altered in 75% of the replicates
were considered potential targets. By means of this method,
the chromosome segregation 1-like protein (CSE1L, CAS,
exportin-2) and tubulin were identified as potential target
proteins with relevance to mitosis. Binding of tubulexin A to
CSE1L and tubulin was confirmed using Western blotting
after the affinity pulldown experiment, thereby verifying the
mass spectrometry result. The binding of CSEIL was
reversible as shown by concentration dependent competition
between free and immobilized tubulexin A. Investigation of
in vitro polymerization of porcine tubulin in the absence of
microtubule associated proteins by means of
turbidity measurement revealed that tubulexin A
inhibits tubulin polymerization. The majority of
tubulin polymerization inhibiting molecules bind
to the colchicine or the vinca alkaloid binding site.
Although colchicine and the tubulexins both
contain alkylated phenol groups, thus sharing
some structural similarity, tubulexin A does not
bind to the colchicine site. Instead, it successfully
competes with a fluorescent-tagged analogue of
vinblastine for binding to the vinca alkaloid bind-
ing site on tubulin in a concentration dependent
manner. In addition, a synergistic effect of tubu-
lexin A on tubulin and CSE1L was identified, thus
suggesting tubulexin A to be a novel dual-action
compound.

OMe

OMe

5.6. Ligand-Directed Protein Tagging of Fusiccocin
Binding Proteins

Protein labeling by approaches based on
ligand-directed covalent transfer of a tag to
a target protein has been developed over the last
years. Several different approaches have been
explored, so far aryl sulfonates (“tosyl”) is the
prime and most successful approach. Fusicoccane
A-derived probes were employed for profiling of
14-3-3 proteins in cancer cells.["”) 14-3-3 proteins
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play a critical role in kinase-dependent signaling pathways
through scaffolding protein—protein interactions (PPIs) with
various phosphorylated ligands. To date, the 14-3-3 interac-
tome has been poorly characterized. A ligand-dependent 14-
3-3-detection technique would enable elucidation of 14-3-3-
related intracellular signaling networks. A large number of
intracellular ligand proteins that possess 14-3-3 consensus
motifs have been identified, including proteins involved in
signaling and cell-cycle control. The diterpene fusicoc-
cin Al (31, Figure 19) activates the plant plasma membrane
H +-ATPase through the formation of a ternary complex with
plant 14-3-3, which leaves the host plant’s stomata pores open,
ultimately leading to wilting. Based on the crystal structure of
14-3-3¢-bound fusicoccin A, a functionalized probe was
developed, where the complex 5-8-8-diterpene skeleton was
kept intact and the linker carrying the reactive sulfonale ester
was introduced in a spacer connected to the exocyclic sugar
moiety (Figure 19). A spacer with an appropriate length was
chosen to bring the sulfonylmethylene moiety near a poten-
tially nucleophilic residue in 14-3-3C (His164). At the
terminus of the transferable part of the reactive construct,
a dansyl or a BODIPY fluorescent reporter group was
introduced, thus resulting in probes 32 and 33. In parallel,

OAc Me Me
HO75 OH Glycan not important
0 | & for 14-3-3 binding

HQ o Me

OMe
Fusicoccin A (31)

@ From SAR

Selectivity Spacer Leaving

function

Transferable part

S. Ziegler et al.

a control compound was synthesized, not carrying the
selectivity-guiding fusicoccane core (34, Figure 19).

Labeling was evaluated by incubating the probes 32 and
33 with recombinant 14-3-3C in the presence or absence of the
PMAZ2 phosphopeptide, followed by SDS-PAGE. Probes 32/
33 labeled 14-3-3C in the presence of the peptide whereas no
apparent labeling was detected when the peptide was absent
during the experiment. This demonstrates that the formation
of the ternary complex is the determining factor for the
labeling reaction. The yield of the labeled protein increased
with the concentration of the phosphopeptide until equimo-
larity with 14-3-3C was reached, thus supporting a 1:1:1 model
for the formation of the ternary complex.

The selectivity of the reaction between 33 and 14-3-30,
which has an Asn instead of a His at position 164, resulted in
very weak labeling, suggesting that labeling predominantly
involves His164 of 14-3-3C. This site specificity was further
confirmed by using site-directed mutagenesis of 14-3-3C.
Substitution of His for Ala at position 164 abolished labeling.
A control experiment involving probe 34 did not result in
labeling, thus further confirming that the fusicoccin anchor is
essential for binding to 14-3-3. IThus, the fusiccocin A derived
probes are capable of labeling 14-3-3C in a site-specific and

ligand-dependent manner. It can be expected that
ligand-directed protein labeling will become
increasingly more important in the future.

5.7. ABPP-Fluorophosphonate Profiling

Target identification cannot only be carried out
with specific probes, but also with unselective
reporter probes. This approach has been especially
successful for a,f3-hydrolases in general and serine
hydrolases in particular.’™ In a typical experi-
ment, an inhibitor is added to cells or cell lysate,
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Figure 19. Structural formula of fusicoccin A (31) and probes for ligand-directed

protein tagging.
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allowed to incubate for a given time, then a non-
specific reporter fluorophosphonate (FP) carrying
a fluorophore or reporter group (35, FP-rhod-
amine, 36, FP-alkyne, 37, FP-biotin, Figure 20) is
added, which covalently binds to all a,3-hydrolases
at their active sites. Subsequent in-gel imaging,
comparing inhibitor treated and non-treated sam-
ples reveals a lack of gel-bands in the cases where
the active site of a a,f-hydrolase was blocked. In
contrast to the more reactive fluorophosphonates,
carbamates can have high selectivity for individual
serine hydrolases. These inhibitors have proven to
be valuable research tools, and, in certain cases,
have become approved drugs, for example, riva-
stigmine. Despite extensive screening efforts,
potent and selective carbamate inhibitors have
been identified for only a fraction of the mamma-
lian serine hydrolases, pointing to the need for
alternative chemical classes of serine hydrolase
inhibitors. In a recent example, the classical
fluorophosphonate reporter was replaced with
“clickable” and tunable ureas (38, Figure 20),
which were used for the proteome-wide evaluation
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Figure 20. Structures of reporter probes for ABPP.

of a small library of carbamates based on a triazole urea
chemotype.?™ Replacing the FP probes with ureas attenuates
reactivity, thus allowing for the specific targeting of serine
hydrolases over other a,f-hydrolases in the proteome.

The 1,2,3-triazole urea chemotype (39-40, Figure 20)
displays unique reactivity for serine hydrolase inhibition.
The properties are tunable across the enzyme class and
specific selectivity for individual members can be achieved. A
simple and efficient click-chemistry approach to create
substituted triazole ureas was developed. In a two-step
procedure, substituted alkynes were reacted with in situ-
formed organoazide (azidomethanol) to yield 4-substituted
triazoles, these were subsequently carbamoylated to give
triazole urea products, typically as a 3:1 mixture of N> and
N'-carbamoylated regioisomers. Using this strategy, a 20-
member library of 4-aryl and 4-alkyl triazole derivatives was
prepared. The library was screened at 10 and 100 nM in mouse
T-cell lysate, and several highly potent and selective inhibitors
of several serine hydrolases were identified. A selected
number of inhibitors were investigated in vivo in mice with
excellent results. A good correlation between in vitro and
in vivo activity for the 1,2,3-triazole ureas could be identified,
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thus suggesting usefulness of the compound class
in vivo. Taken together, the 1,2,3-triazole urea
chemotype stands out as a versatile scaffold for
the development of potent and selective inhibitors
for the poorly characterized serine hydrolases,
which are abundant in the human proteome. One
limitation of the fluorophosphonate and related
detection techniques are that they are most
suitable for detecting covalent inhibitors. In case
of reversible, competitive inhibitors, the result of

(e}
P the global labeling will strongly depend on the

incubation time, since an apparent off-rate of the
noncovalent ligand determines the amount of
protein labeling by the reporter group. A recent
investigation has addressed this issue successfully
by employing covalent reporter probes with tun-

""""" [202]

able kinetic reactivity.

5.8. Target Identification with Capture-Compound

NN, Mass Spectrometry (CCMS)

QN

Target identification may not be limited to
identification of single protein targets of small
molecules. Often it extends to target profiling,
where complete families of proteins binds with
varying affinities (from high to low) to a small-
molecule probe. If a classical pulldown experiment
is carried out on such a multi-protein target family,
most of the medium- and low-affinity binding
partners will be lost during the washing process. A
good example is compounds that specifically
inhibiting a subset of kinases, which are of growing

(40) importance in cancer therapy. Development of

improved therapies should ultimately also take

low- and medium-affinity drug interactions into

account, thus making improved target profiling
technology important. Recently, a novel technology for the
isolation of protein subfamilies based on trifunctional molec-
ular probes called capture compound mass spectrometry
(CCMS) has been developed (Figure 4b).[*! Capture com-
pounds (CCs) carry three major functionalities: a selectivity
function, which is the small-molecule ligand to be profiled,
a photoactivatable crosslinking function, and a sorting func-
tion. In a typical experiment, a cell lysate is incubated with the
capture compound for a certain time, allowing for equilibrium
binding of the target proteins by the selectivity group,
subsequent photolysis leads to the generation of a photo-
activated intermediate, such as a nitrene or carbene, within
the reactivity group, resulting in a covalent crosslink between
the capture compound and the target proteins. By employing
the sorting function (e.g. biotin) and streptavidin-coated
magnetic beads as affinity matrix, the resulting protein
complex can be pulled down. It has been demonstrated that
a major advantage of this covalent cross-link between capture
compounds and target proteins is that even weakly interacting
proteins in the micromolar affinity range are irreversibly
bound to the capture compound. The covalent nature of the
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capture compound-target bond allows stringent washing
conditions to be applied to reduce unspecific background.

The CCMS technique was used to characterize the
staurosporine kinase binding profile.”®! First, from the
structure—activity relationship of staurosporine (41) and the
published crystal structures of the inhibitors in the respective
target proteins, a suitable linking point for the trifunctional
scaffold was identified, and the capture compound was
synthesized (42) (Figure 21).

Acceptable
position for

_a— functionalization
MeHN from SAR

Staurosporine (41)

MeN_ _O

K/\O/\/O\/‘
Staurosporine CCMS compound (42)

Figure 21. Structural formula of staurosporine (41) and staurosporine CCMS probe

(42).

To demonstrate the validity of the CCMS approach, it was
first validated that the staurosporine-derived capture com-
pound formed a covalent bond with the purified recombinant
human PKA-catalytic subunit and with proteins in HepG2
lysate. After incubation, photo-crosslinking and enrichment
employing streptavidin beads, the captured proteins were
enzymatically degraded using trypsin, the peptides were
analyzed by LC-MS/MS and identified by database searches
of the annotated peptides. To distinguish between specific
target proteins and unspecific background proteins, competi-
tion control experiments were carried out in parallel to the
capture assays by pre-incubation of the lysate with a large
excess of free staurosporine. It was found that capture
efficiency was satisfying in both cases. Carrying out the
identical experiment in HepG2 lysate gave similar results,
where one average capture experiment identified approx-
imately 300 proteins. As staurosporine is an ATP-competitive
kinase inhibitor, there may be promiscuity between proteins
binding different nucleotides. Another possibility is that
a very high affinity of some kinase-interacting proteins to
the kinases or cross-linking because of the close proximity of
the bound kinase may have led to the enrichment of some of
these proteins. After data analysis, approximately 100 pro-
teins were identified as kinases. Of the identified 100 kinases,
56 were serine/threonine kinases, while nine members of the
tyrosine kinase family and four dual specificity kinases were
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also identified. Assignment of the affinity range of the
captured kinases toward staurosporine revealed that three
kinases have subnanomolar affinity, 12 kinases are in the
range of 1-10 nMm, 15 kinases are in the 10-100 nm range, and
seven kinases have an affinity of 100 nm to 1 um. Two kinases
have an affinity of more than 10 um. This shows that the
majority of the kinases captured by staurosporine—-CCMS had
affinities in the nanomolar range, however, also kinases with
affinities in the micromolar range were accessible.

5.9. Target Identification of Piperlongumine by Using
SILAC

During a reporter-gene-based screening cam-
paign for apoptosis-inducing small molecules,
piperlongumine (43, Figure 22) was identified as
a primary hit.” Piperlongumine is a natural
product from the plant Piper longum L, from
which extracts are known to have cytotoxic
effects.’™ Upon evaluation of the effect of piper-

o longumine on healthy cells versus cancer cells, it
was found that cell death in cancer cells was

HNT
*MezN o o
HN
H HNJ\@\ induced regardless of whether p53 was mutated or
N\”/l N3 not, whereas healthy cells showed little or no
OHN ¢}

o) sensitivity to the compound. It was concluded that
piperlongumine has a cancer-specific cytotoxic
effect, suggesting that the target of piperlongumine
is a product of the malignant transformation. Next,
piperlongumines apoptotic effect was investigated
by quantitative immuno-blotting for wild-type (wt)
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Figure 22. Structural formula of piperlongumine (43).

pS3 expression, which revealed that p53 expression levels
increased upon treatment with piperlongumine. Further,
piperlongumine-treated cells showed attenuated levels of
pro-survival proteins, suggesting that piperlongumine induces
cell death or apoptosis in cancer cells by modulating the
expression levels of proteins in the survival pathways.
Piperlongumine was found to have suitable physico-chemical
properties, as well as good oral uptake profile and reasonable
plasma half-life for in vivo studies in mice. Piperlongumine-
treatment showed a significant effect on blood-vessel devel-
opment in tumor xenografts in mice, as well as in inhibiting
secondary tumor formation. In a mammary gland cancer
model in transgenic mice, piperlongumine was found to be
more efficient than paclitaxel. To clarify piperlongumine’s
mode of action, affinity enrichment with SILAC and quanti-
tative proteomics was used to identify the target proteins and
their complexes. A suitable functionalized derivative was
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prepared with guidance from the structure—activity relation-
ship for piperlongumine. Twelve interaction partners of
piperlongumine were identified in two separate cell types.
Seven out of the twelve identified proteins were known to be
involved in the cellular response to oxidative stress caused by
elevated reactive oxygen species (ROS). Glutathione S-
transferase 1 (GSTP1) had the highest score, followed by
carbonyl reductase 1. Several of the proteins identified are
known to be part of a common complex, suggesting that the
affinity purification may have identified direct as well as
indirect targets. The results indicate that, by binding to
proteins known to regulate oxidative stress, piperlongumine
modulates redox properties in the cell, leading to increase in
ROS. Further, piperlongumine was shown to interact directly
with purified recombinant GSTP1 and inhibit its activity and
also that it can lead to a decrease in reduced glutathione
(GSH) levels and an increase in oxidized glutathione (GSSG)
levels in cancer cells. In contrary, piperlongumine treatment
of normal cells did not increase GSSG levels. By measuring
the concentration of individual ROS species with selective
fluorescent probes, it was found that hydrogen peroxide and
nitric oxide, but surprisingly not superoxide anion, were
among the ROS species induced by piperlongumine in cancer
cells. In contrast to the results in cancer cells, piperlongumine
did not cause an increase in ROS levels in normal cells. This
selective induction of ROS in cancer cells makes piperlongu-
mine stand out from other small molecules that affect ROS
levels. Taken together, it suggests a novel strategy for
eliminating cancer cells by targeting the ROS stress-response
pathway.

5.10. Identification of Tankyrase Inhibitors by Using iTRAQ

The evolutionarily conserved Wnt/B-catenin signal trans-
duction pathway regulates numerous biological processes.
One important regulatory function of the Wnt pathway is the
strictly controlled proteolysis of the downstream effector [3-
catenin by the B-catenin destruction complex. In the absence
of Wnt pathway activation, cytosolic f-catenin is kept in the
phosphorylated state and targeted for degradation. On Wnt
stimulation, the B-catenin destruction complex dissociates,
leading to the accumulation of nuclear B-catenin and tran-
scription of Wnt-responsive genes. Inappropriate activation
of the Wnt pathway has been observed in many cancers, thus
making it an attractive target for the development of Wnt
modulators. In a high-throughput screen using a Wnt-respon-
sive luciferase reporter assay, XAV939 (44, Figure 23) was
identified as a small molecule inhibitor of the Wnt/B-catenin
pathway.™ Interestingly, XAV939 decreased B-catenin abun-
dance, but significantly increased -catenin phosphorylation,
suggesting that XAV939 promotes the phosphorylation-
dependent targeting of -catenin for destruction by increasing
the activity of the destruction complex. To find out how
XAV939 increases the activity of the destruction complex, it
was investigated if compound treatment altered the protein
levels of known Wnt pathway components. The protein levels
of axinl and axin2 were strongly increased after XAV939
treatment, and a strong increase in axin-GSK3f complex
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Figure 23. Structural formula of XAV939 (44) and related pulldown
probes.

formation was observed, presumably because of increased
axin protein levels. These findings suggested that XAV939
increases the concentration of the axin-GSK38B complex,
thereby promoting phosphorylation and degradation of (-
catenin.

To identify the cellular target(s) for XAV939 which results
in axin protein levels, a triple iTRAQ quantitative chemical
proteomics approach was employed.” XAV939 was func-
tionalized according to the structure-activity relationship,
resulting in LDW639 (45, Figure 23), and subsequently
immobilized to capture cellular proteins from cell lysates.
HEK?293-lysate was treated with an excess amount (20 mm) of
XAV939 (44), the inactive analogue LDW643 (46, Figure 23)
or DMSO. 18 proteins were significantly and specifically
competed off with soluble XAV939 (44), including several
poly(ADP-ribose) polymerases (PARP1, PARP2, TNKSI,
TNKS2) as well as known PARPI1 substrates (co-precipi-
tated). In a completion experiment it was shown that XAV939
(44), but not LDW643 (46), blocks TNKS binding at 10 pm
and blocks PARP1/2 binding at 1 mm. To determine loss-of-
function phenotypes of the PARP family members copying
the effect of XAV939, siRNA-mediated depletion was carried
out. Co-depletion of TNKS1 and TNKS2 pheno-copied the
effect of XAV939 by increasing the protein levels of axinl
and 2, whereas PARP1/2 co-knock-down showed no pheno-
copying effect.

The increase in axin protein levels in response to XAV939
treatment was suggested to be due to modulation of trans-
lation or protein stability. XAV939 treatment prolonged the
half-life of endogenous axin 2 in cells, somehow protecting it
from proteasome mediated degradation. In contrast, co-
treatment of XAV939 with the proteasome inhibitor MG132
significantly diminished axin 1 and axin 2 polyubiquitination,
suggesting that XAV939 may stabilize axin by preventing its
polyubiquitination. Taken together the study suggests tank-
yrase to be an important player for axin stability, and
identifies axin to be a limiting factor in the [-catenin
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degradation complex, thus suggesting axin as a key player in
the Wnt signaling cascade.

5.11. Target Identification of Thalidomide by Using Chemical
Proteomics

The drug thalidomide (47, Figure 24) has been in clinical
use as a mild sedative and is best known as the causative agent
of severe birth defects during the 1960s. Thalidomide is still in
clinical use for the treatment of leprosy and multiple

CO,H
o— \
1) O Point of

immobilization
N N
¥ L
(47) (48)
Figure 24. Structural formula of thalidomide (47) and FR259625 (48).

myeloma. Little is known about how the thalidomide-induced
developmental defects are caused. Previous studies have
suggested oxidative stress and its anti-angiogenic action as
a possible cause of teratogenicity. To identify the origin of
thalidomide’s teratogenicity, a target profiling was recently
carried out.”™ Thalidomide-induced birth defects display
a distinct phenotype, which in particular includes severe
deformation and shortage of limbs. The carboxylic acid
derivative FR259625 (48, Figure 24) showed reproducible
teratogenicity in zebrafish, similar to unmodified thalido-
mide. FR259625 was covalently conjugated to beads and
incubated with human HeLa cell extracts. After extensive
washing, bound proteins were eluted with free thalidomide,
and subjected to SDS gel electrophoresis and subsequent
silver staining. Two proteins were specifically eluted. When
free thalidomide was added to extracts before incubation with
the beads, the yields of these proteins were reduced, suggest-
ing that these proteins specifically interact with thalidomide.
The 127 and 55 kD proteins were subjected to trypsination
and mass spectrometry and were identified as CRBN and
damaged DNA binding protein 1 (DDB1). Further, protein
identities were confirmed by immuno-blotting. Recombinant
FLAG-tagged CRBN, but not (His)-tagged DDB1 bound to
thalidomide beads, however, when co-added to the beads,
both CRBN and DDB1 were bound, suggesting that DDB1
binds through an interaction with CRBN. The possible role of
CRBN in thalidomide teratogenicity was investigated in
animal models. Thalidomide is a teratogen in rabbits and
chicken, but not in mice and rats. Zebrafish is an excellent
model organism because of the rapid progress of embryo
development, the transparency of the embryo, and knock-
down of genes is straightforward. To examine the effects of
thalidomide on zebrafish development, embryos were trans-
ferred to media containing different concentrations of
thalidomide at 2 h post fertilization and allowed to develop
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for 3 days. It was apparent that in thalidomide-treated
embryos, development of fins and otic vesicles was disturbed,
whereas other aspects of development were not generally
affected, compared to the untreated control. The phenotype
could be partially rescued by injection of the corresponding
zCRBN mRNA. To be taken into account is that thalidomide
is rapidly hydrolyzed and metabolized to more than a dozen
products in vitro and in vivo. Thalidomide and its products
may have identical or different molecular targets, however,
the current findings suggest that thalidomide exerts terato-
genic effects by binding to CRBN and inhibiting the
associated ubiquitin ligase activity. Since thalidomide is used
for the treatment of multiple myeloma and leprosy, identifi-
cation of its direct target may allow rational design of more
effective thalidomide derivatives without teratogenicity.

6. Conclusion, Outlook, and a Suggested Workflow

Identification and confirmation of bioactive small-mole-
cule targets is a crucial, often decisive step both in academic
research and in pharmaceutical application. Knowledge of
target proteins is required to arrive at valid conclusions and
insights in chemical-biology research employing small-mol-
ecule perturbation of biological systems for analysis. By
analogy, knowledge of the targets is advantageous in drug
discovery to develop efficacious and safe drugs as well as for
approval by the authorities.

The techniques and examples described in this Review
show that target identification, in principle, is feasible, and,
indeed the number of successful examples steadily grows. This
progress has become possible through the development and
availability of several new experimental techniques with
varying applicability. At the outset of a target-identification
project it often is unclear which technology will be best and it
is left to trial-and-error or is determined by the general
scientific expertise of and the infrastructure available to the
individual research groups as to which approach is applied. A
Review of the successful examples reported recently demon-
strates that currently the application of affinity isolation
employing suitable small-molecule probes (pulldown) and
subsequent mass spectrometric analysis of the isolated
proteins appears to be the most powerful and most frequently
applied technology for target identification. This leading role
is largely due to the rapid development of powerful mass
spectrometry techniques and the availability of increasingly
efficient mass spectrometers and analysis software.*"

For target confirmation a variety of cell biological and
biophysical techniques have opened up novel opportunities.
The use of advanced microscopy techniques using FRET pairs
and time-resolved measurements (fluorescence lifetime imag-
ing (FLIM)), fluorescence anisotropy measurements,
improvements in isothermal titration calorimetry, protein
melting-point determination, and surface plasmon resonance
techniques, as well as RNAI and target overexpression are of
particular importance. It can be anticipated that improve-
ments in these experimental techniques, and of course the
development of novel methods will further enrich the toolbox
for target identification and confirmation. We expect that an
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Figure 25. Workflow for design and synthesis of compound libraries, screening for bioactive small molecules, and target identification and confirmation.

important focus will be on the development of quantitative
and label-free techniques. Prominent recent examples are the
establishment of quantitative, mass spectrometry methods
based on comparison of signal intensities recorded for
individual peptides for target identification,®*} the intro-
duction of microscale thermophoresis (which potentially can
be label-free)™® and the drug-affinity responsive target
stability (DARTS) approach® for target confirmation.

Despite the advances made and to be expected, target
identification and confirmation for the foreseeable future will
remain to be a difficult, labor-intensive, and time-consuming
endeavor. Reasons are, for instance, that proteins may be
expressed in only small amounts or they may be membrane
bound, or stable only under the conditions given in cells and
will unfold under the conditions of typical proteomics experi-
ments. For both challenges currently no fully reliable method-
ology is available. Affinity pulldown experiments also usually
result in the isolation of protein complexes which then calls
for confirmation or deconfirmation of multiple proteins by
means of biophysical, cell-biological, and genetic methods to
identify the functional targets.

In particular, current methodology is not set up to reliably
identify other biomolecules such as DNA, regulatory RNA,
carbohydrates, or lipids as targets. In this context the
identification of 3@-hydroxysterols as target of theonellami-
de Fis a particularly impressive example.['**!

Clearly, the development of novel powerful technology
and in particular of reliable widely applicable, generic
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approaches is in high demand. The lack of generic approaches
and workflows for target identification and confirmation is
often the major obstacle for the chemist, biologist, or
chemical biologist devoid of prior experience and expertise
in the field but potentially in possession of a powerful
compound active in a relevant cell-based screen.

To provide some guidance for rapid entry into the field
and based on our own experience in the identification of the
cellular targets of small bioactive compounds, below we
sketch a workflow we typically apply in our related research
projects (Figure 25). This workflow is not meant to be generic
but rather represents one of a variety of possible experimental
approaches. It centers on the application of chemical proteo-
mics, that is, the use of affinity protein isolation as the key step
to generate hypotheses concerning potential target proteins.
We have also investigated phage-display technology but were
less successful with this method. Investigation of haploinsuf-
ficiency profiling in yeast strains for hypothesis generation is
currently ongoing.

Research into the identification of novel bioactive small
molecules with potentially new mode of action and identifi-
cation of their targets requires access to a compound library
to be screened. Thus the initial step is library design and
assembly, for which different approaches are established (see
Ref. [5] and references therein). Our in-house library com-
prises approximately 150000 compounds synthesized and
acquired according to the principles of biology oriented
synthesis,! diversity,”” drug-likeness,”*! coverage of estab-
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lished drug-target classes, and occurrence in nature (natural
products). In library design and synthesis, naturally the input
from chemistry is most pronounced and important. Early
biology input is strongest and most important in the selection,
the set-up, and establishment of cell-based or in vivo screens
to be carried out. Such screens should be as meaningful as
possible and the recorded phenotypes or the pre-determined
phenotypes to be induced by the small-molecule hits should
ideally provide a link to existing knowledge to narrow down
the number of potential target proteins to be identified
subsequently. We stress that establishing a medium- or even
high-throughput cell-based screen can be a major time-
consuming task very often underestimated in chemical
biology research.

Based on identified hits a structure-activity relationship
for identified active compound classes is delineated which
may result in further rounds of synthesis and biological
investigation of focused compound collections. The resulting
expanded structure—activity relationship then will allow sites
within the active compounds to be identified for linker
attachment (i.e. without loss or only with acceptable loss of
bioactivity in the screen) and for the design of an inactive
control probe. We note that identification of a truly inactive
control probe for cell-based screens may be difficult. The
chosen probe may not be sufficiently active to induce a desired
phenotype, yet still it may bind the same target proteins albeit
with lower affinity, thereby erroneously indicating unspecific
interaction between active probe and putative target proteins.
Notably, this may hold true for enantiomeric probe pairs for
which it is assumed but probably not separately demonstrated
that the enantiomer of a given bioactive compound should be
inactive.

Active positive probe, and inactive negative probe is then
applied simultaneously in isolation and potential target
proteins identified. As mentioned above, we usually employ
chemical proteomics for this step which includes mass
spectrometric identification of putative target proteins. To
this end, the probes typically are equipped with an affinity tag
and immobilized, usually by employing the biotin/streptavi-
din pair, or they are covalently linked by means of amide
bond formation to resin beads. As an additional complication,
the protein band of interest may appear only as a weak signal
when using cellular lysates rather than living, intact cells
because of possible inactivation of the corresponding protein
during cell rupture. Alternatively, phage-display techniques
may be employed, and the use of yeast-3-hybrid technolo-
gies!™ and of yeast haploinsufficiency profiling™* are very
valid and powerful complementary approaches for this step.
In the chemical proteomics approach, target proteins will
ideally bind to the active probe only, but not to the inactive
probe, and it should be possible to perform competition
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experiments either under the conditions of the pulldown
experiment or subsequently for release from an affinity
matrix. In addition, potential targets and successful competi-
tion may directly be monitored by comparison of gels
obtained from the isolated protein mixture without mass
spectrometric investigation. Thus, if a band is visible in the
experiment with the positive probe, but not the negative
probe, and it can be competed away with unmodified
compound, it very likely represents a valid target.

The chemical proteomics experiment typically will yield
a list of proteins that need to be validated or devalidated. This
confirmation includes a variety of biochemical experiments
(immuno-blotting with specific antibodies), enzyme activity
assays, genetics techniques (RNAI experiments, induction of
the same or a similar phenotype; induction of higher or lower
sensitivity to the compound in question by knock-down or
overexpression), and biophysical techniques monitoring
direct interaction between the active compound (as opposed
to an inactive control compound) and the target protein (e.g.
fluorescence polarization, ELISA, isothermal titration calo-
rimetry, thermophoresis, and surface plasmon resonance
based assays).

A very powerful and assuring technique is the direct
monitoring of the interaction between the probe and the
target protein in cells, for example, by means of monitoring
FRET pairs by fluorescence lifetime imaging (FLIM).

Finally, functional assay should be employed to confirm
that the identified hit interferes with the biological functions
of the putative target. To obtain reliable results in such
functional assays it may be necessary to determine selectivity
of the bioactive compound for the target in question, that is,
selective inhibition of one or a few enzymes of a given protein
class. For identification and confirmation of putative target
proteins computational methods may advantageously com-
plement the described experimental techniques, for example,
by means of investigations of chemical similarity between
identified hits and structurally similar compounds for which
target proteins are already known.

Once the target is identified subsequent in vitro experi-
ments may be employed to increase potency and selectivity of
the hit, if possible including structural-biology investigations.

Following this workflow we have successfully identified
protein-ligand pairs spanning different fields of biology. As
stressed above the route is not generic, but prototypic at best,
and the path through it still may be winding and riddled with
multiple set-backs which need to be overcome by additional
and alternative experiments. However, it may be used as an
entry to the field, as a guideline for the first own endeavor. We
sincerely hope that it may prove to be valid and applicable in
many cases.
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7. Appendix: Table 1

Table 1: Examples for bioactive small molecules for which cellular targets have been successfully identified.

Entry Compound Target identification ~ Target(s) Ref.
approach
1 Duocarmycin SA derivative Chemical proteomics ADH1 [28]
N\ Trifunctional biotin—
% rhodamine probe
N

2 Chemical proteomics PKCa, GSK3f3, CaMKIIA,y, adenosine kinase, [36]
FLAG-tagged probe = CDK2, NQO2, PKAC-a, prohibitin, VDAC
3 S-adenosyl-L-homocysteine Chemical proteomics Methyltransferases [42d,c]
~ fal
NN HO o ccms
HZN/K(K & o]
N s
N=/ O MOH
X NH,
4 Tolcapone Chemical proteomics COMT, [43]
o ccmsH Mitochondrial proteins binding to tolcapone
HO O O (Caprotec)
HO ¥ different linker
NO, attachment sites
Entacapone
[0}
O,N n NN
o RN
~ oH
5 Diazonamide A Chemical proteomics Ornithine 8-amino transferase (OAT) [46]
prefractionation
H H
HoIrN Nﬁ;
0 { 0o ,N/ cl
" O e
o) H O NH
6 Chemical proteomics SAP130 [48]
prefractionation (SFb3 complex)
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Table 1: (Continued)
Entry Compound Target identification ~ Target(s) Ref.
approach
7 Centrocountin Chemical proteomics NPM, Crm1 [17]
X\
MeO,C 0
8 Jasmonate glucoside Chemical proteomics Membrane protein [54]
benzophenone
o
N~ G5
COOH
9 TWS119 Chemical proteomics GSK3f [55]
A
N s
HO\©/O
10 4-[5-(4-phenoxyphenyl)-2H-pyrazol-3-yljmorpho-  Chemical proteomics Adenosine kinase [56]
line (TbrAK)
X N
poves
(¢)
1 Tubulexin A Chemical proteomics CSETL, tubulin [62]
BZIO ~ using SILACE!
e L
HO
OAc -
12 Bolinaquinone Serial affinity chro- Clathrin [52]
matography
13 Methyl gerfelin Chemical proteomics Glyoxalase 1 (GLO1) [66]
\ Immobilization by
(O e] s
photocrosslinking
HO
OH
HO 0]
14 Marinopyrrole A Chemical proteomics Actin [68b]

Acyl dye transfer
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Table 1: (Continued)

Entry Compound Target identification ~ Target(s) Ref.
approach
15 Fusicoccin A Chemical proteomics 14-3-3 [69]

Tosyl chemistry

16 Chemical proteomics GSTP1 [75]
using SILACP!
Chemical proteomics .
17 using SILACY Epoxide hydrolase-1 76]
. MT-ND1
Tagged library
18 E7070 2D-DIGEH MDH 83]
HN_ 2 ICATH
o] o
5
IS NH H
N
@E/g
cl
19 XAV939 Chemical proteomics Tankyrase 1, 2 [85]
F e a~ iTRAQH
20 Chemical proteomics OSBP, ORP4L [15a]

iTRAQH

Angew. Chem. Int. Ed. 2013, 52, 2744—2792 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 2781


http://www.angewandte.org

Angewandte

S. Ziegler et al.
Reviews &
Table 1: (Continued)
Entry Compound Target identification ~ Target(s) Ref.
approach
21 Bosutinib Chemical proteomics Different kinases [86]

/\

>N
K/N\/\/O Na
/oj(\:[NH
Cl Cl

Imatinib

o] NT
. VQANJ@(NAP\@
I\/N H H . |

Dasatinib
N
f 1 AL
o N>/\\>\Nﬁ _/OH
af =LA
o
/@)J\N/\/O\/\O/\/NHZ
H
HN
22
Ty
SRR H
H H
23 GAPDS

H)N\/\/O\/\O/\/N\Bz
CLy
N7 SNTN OH
H H

24 MX-74420
Cl

¥
s” U
O-N

MX-126374

Cl /
- Cl
N/
7N
Cl
X
O

25

i
S

N
~,

<
O‘
O&O )

OH

26 Resveratrol

OH
HO\,/\/‘/
OH

Kinobeads, iTRAQ!

Chemical proteomics

Tagged library 40S ribosomal subunit proteins S5, S13, and S18

Chemical proteomics GAPDH
Tagged library

2DEM TIP47
*H-labeling

FITGE®

Cell lysates vs. live  Tubulin
cells

DARTS elF4A

[92]

[94]

[96]

(43]

(98]
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Entry Compound Target identification ~ Target(s) Ref.
approach
27 4513-0042 TICCH Ergép [102]
=
N
2,
o o
~o
28 Pirll Biochemical suppres- Cdc42/RhoGDI [103]
sion
N
N\)
29 Gedunin Comparison HSP90 M2
approach
Connectivity map
30 lejimalide A Comparison V-ATPase M7
approach
2D-DIGEM
HO
LK
N
07N
G
lejimalide B
31 Protein microarray Ybr077cp [123b]
O/
O\
32 o Computation o, adrenergic receptor [125]
N
33 Rescriptor Computation Histamine H, receptor [125]

Angew. Chem. Int. Ed. 2013, 52, 2744—2792

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org 2783


http://www.angewandte.org

Angewandte S. Ziegler et al.

Reviews

Table 1: (Continued)

Entry Compound Target identification ~ Target(s) Ref.
approach
34 Validex Computation p-opioid receptor [125]
OH 5-HTT; serotonin transporter
N
OH
35 Ro-25-6981 Computation 5-HTT; serotonin transporter [125]

NET, noradrenalin transporter

mw K-opioid receptor
HO )

36 Methotrexate HIP/HOPY DFR1, FOLT, FOL2 [134]
o OYOH
N/'\/\I(OH
[e]
ﬁfﬂ

37 5-fluorouracil HIP/HOPU CDC21, RRP6, RRP41, RRP44, RRP46, NOP4, [135]

0 MAK21, SSF1, YPR143W

F\fJ\NH

N/&O

H
38 Tunicamycin HIP/HOPU ALG7p, HAC1, GFA1 [135]

“NH
[¢] R o
HO OH):
39 Gentamicin HIP/HOPU CAX4. GCS1, MNN9, SACT, PEP3, PEP5, VPS15,  [136]
o OH VPS16, VPS33, VPS34
IR, |, o
s/ OHOHO
X0,
40  Ibandronate HIP/HOPU! TBCB, ASK/BDF4, [137]
0 M
N
HO.| OH
\/\/\N F’/
| HO "OH
41 Cisplatin HIpP/HOPU! FCY2, NMD2, NOT3, SKY1 [138]
Gl  wNH;
Pt
a1’ SNH,
42 Doxorubicin HIP/HOP! SIZ1 [139]
NH;
Ov.‘\OH
OH O

O‘O‘ ..
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Table 1: (Continued)

Entry Compound Target identification ~ Target(s) Ref.
approach
43 Bortezomib HIPI'S, pombe POF3, CHP1, SEC28, SNZ1, REX3, PKA1/GIT6 [142]
(o]
N\ N
(7
N
44 Brefeldin A HIPI! C. albicans Sec7p [143]
= “OH
O\ Ho
o
45 Phenylaminopyrimidine MSPH PKC1, CLGT, KSS1 [144]
H
N N Cl
O
N
=
o
N
46 MSPX S. pombe RHPS51, RAD22 [146]
47 Cladosporin H1pll Lysyl-tRNA synthase [148]
OH O
(0]
HO O
48 Nutlin-3 shRNA screen TP53, 53BP1 [154]
Cl
49 Mammalian overex-  FGFR1 [159]
pression
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Table 1: (Continued)
Entry Compound Target identification ~ Target(s) Ref.
approach
50 Purvanalol Yeast three-hybrid Kinases [164]
O & approach
oo
HN cl
HO z N
N
Wl x\ty
N I~
51 Atorvastatin Yeast three-hybrid PDE6D [157]
©\ o} OH OH O approach
N 7 N/\/k/k/U\OH
H —
F
52 Sulfosalazine Yeast three-hybrid SPR [151]
O\\S/H N approach
N0 o
H0)€©/NCN
HO
53 Paclitaxel Phage display Bcl-2, NSC-1, NFX1 [170]
54 HBC Phage display Ca?*/Calmodulin n7n
~ ~
(0] @)
OH
(D
|
N—N
O~ "OH
55  Terpestacin Phage display UQCRB 72
o
Y OH
4
HO' OH
56 Bisphenol A Phage display TACC3 [173]
57 Kahalalide F Phage display RPS25 74
—
o o V .,“H 0/<~NH
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Table 1: (Continued)

Angewandte
imemationalediion . CEIMIE

Entry Compound Target identification ~ Target(s) Ref.
approach

58  TCI mRNA display NPM [179]

0
H,N

N
0]

59 PF-3717842 Chemical proteomics PDEs PEBP1 [184]

\ 0=§=0

A~ NH
H,N

[a] CCMS: capture compound mass spectrometry. [b] SILAC: stable isotope labeling by amino acids in cell culture. [c] 2D DIGE: two-dimensional
difference gel electrophoresis. [d] ICAT: isotope-coded affinity tags. [e] iTRAQ: isobaric tags for relative and absolute quantification. [f] 2DE: two-
dimensional gel electrophoresis. [g] FITGE: fluorescence difference approach in two-dimensional gel electrophoresis. [h] DARTS: drug affinity
responsive target stability. [] TICC: target identification by chromatographic co-elution. [j] HIP/HOP: haploinsufficient profiling/homozygous deletion
profiling. [k] MSP: multicopy suppression profiling. The arrow indicates the site of modification.
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