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The elucidation of molecular targets of bioactive small organic molecules remains a significant
challenge in modern biomedical research and drug discovery. This tutorial review summarizes

strategies for the derivatization of bioactive small molecules and their use as affinity probes to

identify cellular binding partners. Special emphasis is placed on logistical concerns as well as

common problems encountered during such target identification experiments. The roadmap

provided is a guide through the process of affinity probe selection, target identification, and

downstream target validation.

1 Introduction

The ability of small organic molecules to induce phenotypic
changes in a cell or organism by modulating protein function
has made them invaluable as pharmaceuticals and as tools for
the study of complex cellular processes. Many drugs in use
today were discovered by phenotypic observation of the effect
of a compound or extract on a cell or organism. In many cases,
the drug’s mechanism of action was not known until many
years after its clinical implementation. Despite technological
advances, identification of macromolecular targets of biologi-
cally active small molecules remains a central problem in
medicinal chemistry and chemical biology.

Innovations in high-throughput screening and parallel
synthesis have led to an increase in the number of new ‘“‘lead”
molecules and the rate at which large numbers of derivatives
can be synthesized. However, access to large compound
screening collections and enhanced throughput capabilities
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has yet to increase the number of drugs targeting new proteins
and protein families. Today more than 50% of the 1357
FDA-approved drugs target just four of the predicted 16 000
protein families in the genome.! Unfortunately, there is still
considerable risk and uncertainty associated with the discov-
ery and validation of a novel drug target.

Thus, the determination of the protein targets of bioactive
small molecules is a key step toward increasing the diversity of
drug targets. Some of the most potent modulators of cellular
functions are complex natural products. Frequently, extensive
biological data are unavailable for these compounds, as
challenges in chemical synthesis or isolation from natural
sources limit their supply. This tutorial review is aimed at
the researcher in possession of biologically active molecules,
the targets of which could lead to novel strategies for the
treatment of human disease. Highlighted herein are experi-
ments using common reagents and equipment that can be
performed to identify the protein binding partner of a bioac-
tive small molecule. Although the strategies detailed in this
review are applicable to the identification of targets from many
classes of biomolecules, this tutorial will focus on the identi-
fication of target proteins, as they are currently without a
doubt the most important macromolecular targets in drug
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discovery and development.! The molecules featured in this
tutorial are mainly “‘druglike” or natural product-like mole-
cules, as the targets of structures of this type are most readily
“druggable” given the current paradigm of molecular medi-
cine. Such compounds, however, are just one of many classes
of important molecules that modulate cellular functions.
There are several excellent examples of the affinity purification
of molecular targets of peptides,” phosphopeptides,® phospho-
lipids and phosphoinositides,* glycopeptides,® and oligosac-
charides.®

2  Opverview of target identification strategies

Once a compound that induces a certain phenotypic response
in a cell culture or in vivo experiment has been identified,
several techniques may be employed to identify its protein
target. This review focuses on methods where modified ver-
sions of lead compounds are synthesized, allowing the protein
binder to be determined in a direct fashion. For target
identification strategies based on technology-driven functional
genetic or bioinformatic platforms, the reader is referred to
several excellent reviews.”” The central theme of the experi-
ments described herein is that a binding event between the
compound and its target is used to directly identify the target
protein. A critical assumption is that the phenotype elicited by
a small molecule arises from the cellular consequence of a
covalent or non-covalent interaction between the small mole-
cule and its target protein(s).

An overview of the various strategies is shown in Fig. 1; the
choice of approach somewhat depends on whether it is sus-
pected the compound binds covalently (which may be rever-
sible) or non-covalently to its target. Affinity matrices, where
the target molecule is covalently attached to a polymeric solid
support, have been used for both irreversible and reversible
binders. Biotinylated versions of the compound of interest are
commonly synthesized and these probes can be utilized either
in affinity matrix, cell lysate, or live cell experiments. Radi-
olabel/imaging probe molecules can be useful for target iden-
tification experiments, generally with covalent binders.
Finally, photoaffinity probes can be used to artificially link a
noncovalent compound to its target. The relative merits and
shortcomings of these techniques are discussed below and
representative examples for each category are shown in Fig. 1.

3 Target identification strategies employing
affinity chromatography (‘“‘pulldowns”)

The simplest and oldest of these techniques involves the
tethering of modified versions of lead compounds to solid
supports, followed by incubation with a lysate of a desired cell
line, organ, or organism.'®>® This method allows for affinity-
based separation of the protein binding partner from all other
proteins in the cell by simple filtration, washing, and elution.
In most cases, the protein partners are then identified by
modern degradative mass spectrometric techniques. The solid
support, or resin, for these techniques is typically an agarose
or sepharose-based polymer that is functionalized with reac-
tive functional groups such as amines, thiols, or carboxylic
acids. Activated resins functionalized with N-hydroxysuccini-

midyl (NHS) esters are by far the most commonly used and
will readily couple with amino and hydroxy functionalities;
NHS resins are available from Bio-Rad, Pierce Biotechnology,
Aldrich, and many other vendors.

In a typical affinity chromatographic purification, a cellular
lysate or tissue homogenate is incubated with the affinity
matrix under conditions designed to minimize protein degra-
dation, typically at 4 °C in the presence of protease inhibitors.
Incubation is usually performed in a so-called “‘batch” mode,
where the suspension is actively agitated by stirring, rocking,
or shaking to maximize protein contact with the resin. After
incubation, the affinity resin is washed extensively with an
aqueous buffer to elute any non-binding proteins from the
resin, either by serially centrifuging the resin and aspirating the
supernatant, or by washing the resin in fritted glass or plastic
chromatography columns. At this point, the only proteins that
remain are those which bind to the ligand or to some part of
the affinity matrix. These proteins are then eluted from the
affinity matrix under denaturing conditions, or by incubation
with the free ligand, and resolved by electrophoresis on an
SDS-PAGE gel. This purified target protein can then be
identified by peptide microsequencing, immunohistochemical
analysis, or, most commonly, by modern degradative mass
spectrometric techniques. The protein targets of many biolo-
gically important natural products and small molecules have
been discovered in this way. In addition to cultured human
cells, affinity purifications have been performed using animal
tissue or organ homogenates as a cheap, readily accessible
source of protein.!®!!?!

In a classic example, Schreiber and co-workers demon-
strated that an agarose-supported derivative of the immuno-
suppressant FK-506, when incubated with the cellular lysate
of bovine thymus or human spleen was able to selectively
purify FKBPI2, a cis—trans prolyl isomerase.'> FKBP12 was
competitively eluted from the matrix using soluble FK-506 (1,
Fig. 2A), and was not observed to bind to a control resin
which had been functionalized with ethanolamine instead of
FK-506, indicating that FKBP12 was isolated on the affinity
resin because it bound specifically to FK-506. Gels showing
the use of resin 2 to affinity purify FKBP12 from bovine
thymus and spleen lysates are shown in Fig. 2B.

This example illustrates the importance of control experi-
ments in affinity-based target identification procedures, as it is
common to isolate multiple proteins through affinity chroma-
tography owing to nonspecific interactions between proteins
and the affinity matrix. Although other solid supports have
been used, including resins designed for use in solid-phase
chemical synthesis,'? sugar-based agarose and sepharose resins
are the most popular, as their polar, uncharged surfaces reduce
nonspecific binding of hydrophobic or charged proteins. A
matrix control can be carried out in two ways. First, a “‘resin-
only” control can be performed by coupling a blocking
reagent such as ethanolamine to the resin of choice (see ref.
10, 14-17). Blocking agents are routinely added after coupling
a compound to a solid support to quench all activated posi-
tions, minimizing the charge of the resin. Better still is the
“inactive compound,” or comparison, control, where a struc-
turally similar, but biologically inactive version of the com-
pound is used (see ref. 11, 1416, 18, 19). Ideally this ligand
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Fig. 1 An overview of the various strategies employed in affinity-based target identification experiments. Specific examples of probes used that
bind their target covalently are on the left, and those that bind non-covalently are on the right. Affinity matrices are discussed in section 3,
biotinylation strategies in section 4, radiolabel/imaging approaches in section 5, and photoaffinity probes in section 6.

would be a completely inactive enantiomer of the target co-workers in their discovery that affinity matrices made from
compound, as was recently demonstrated by Meijer and the “‘selective cyclin-dependent kinase inhibitor” R-roscovitine
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Fig. 2 FKBPI12 is a cellular target of FK-506. (a) FK-506 (1) and an
analogue-functionalized affinity matrix (2). (b) FK-506-binding pro-
tein 12 was isolated from bovine thymus (lane 1) and human spleen
(lane 2) lysates by competitive displacement with 1 of proteins
adsorbed onto affinity matrix 2. Gels visualized by silver staining.
Image reproduced with permission from Harding et al.'> Copyright
1989 Nature Publishing Group.

also targets pyridoxal kinase (Fig. 3)."" This control can
exclude proteins which bind to the ligand on the matrix, but
do so nonspecifically. An affinity purification using these
control resins are run alongside the experiment, and the
proteins eluted from these matrices can be discounted from
the experimental sample.

Another important control experiment is a so-called “com-
petition” control (see ref. 10, 11, 14, 18, 19, 22-27). In this
experiment, the compound is added in solution to the protein
sample at a concentration in excess of the ligand loading on
the affinity matrix. This creates a competitive environment,
where the protein target of a given small molecule is bound by
the excess of soluble probe and cannot interact with the
affinity matrix. Under the assumption that the affinity matrix
has been constructed in such a way that it makes the same
molecular contacts with the target protein as the compound
itself, the loss of protein bands in an SDS-PAGE gel indicates
a protein that was competed from the resin by a specific
molecular interaction with the small molecule. Thus the target
is identified by its presence in a standard solid-phase pulldown
and its absence in a competition experiment. Alternatively, the
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Fig. 3 Pyridoxal kinase is a cellular target of R-roscovitine. (a)
Enantiomeric roscovitine affinity matrices (3). (b) Proteins isolated
by affinity matrices functionalized with S-3 (lane 1) and R-3 (lane 2). In
addition to known CDKs, R-3 pulls down pyridoxal kinase (arrow).
Gel visualized by silver staining. Image reproduced with permission
from Bach ez al.'' Copyright 2005 American Society for Biochemistry
and Molecular Biology.

competitor can be used as an agent to selectively elute bound
proteins from the affinity matrix.'>?%%

One of the limitations of solid-phase affinity matrices is that
their biological activity cannot be validated; there is no simple
way to confirm that the chemical modification has not affected
the molecule’s ability to bind to the protein target. To counter-
act this problem, compounds are typically attached to affinity
matrices through long, hydrophilic linkers derived from poly-
(ethylene glycol).'"14 161820 Then  biological activity of the
linker-functionalized compound can be determined to confirm
that the linker-modified compound will interact with the same
proteins as the parent molecule. Additionally, the hydrophilic
nature of the linker minimizes nonspecific binding and
separates the probe from the surface of the resin, allowing
for conformational flexibility of the probe so that it may
assume a favorable binding pose, and preventing the steric
bulk of the resin from blocking target protein binding.

One creative solution to the problem of attachment of
compounds to solid supports has recently been put forth by
Sugawara and co-workers (Fig. 4).!> TentaGel resins were
functionalized with a diazirine-based photoreactive group to
generate resin 4 that, upon irradiation with UV light, non-
selectively formed covalent bonds to small molecule inhibitors
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Fig. 4 Photocrosslinking resins used for covalent immobilization of
unfunctionalized small molecule ligands.

of DNA polymerase B via C—H insertion. Although the exact
site of C—H insertion on the small molecules was unknown,
three different affinity matrices were generated with the ability
to bind and purify pol B from a mixture of proteins, demon-
strating the ability to create affinity matrices with no prior
chemical modification of the target ligand. This technique had
previously been reported by Osada and co-workers, who used
sepharose resin 5 to immobilize cyclosporin A and FK-506
and isolate cyclophilin A and FKBP12, respectively, in proof-
of-principle experiments.?

In order to rapidly identify the target of bioactive com-
pounds, the concept of tagged library screening has been
introduced to reduce time spent on structure—activity relation-
ship (SAR) analysis (Fig. 5)."4!>!® As a demonstration of this
concept, a combinatorial library of 1536 multifunctionalized
triazines was synthesized containing amino-triethylene glycol
linkers and was screened for phenotypic effects in zebrafish.
Active compounds which influence skin pigmentation (6) and
brain/eye development (7) were subjected to Boc deprotection,
and the resulting amine was then coupled to Affi-gel 10 (an
NHS ester functionalized agarose resin) to generate affinity
matrices with known activity, allowing for rapid identification
of protein binding partners without further chemical synthesis.

Two critical factors in affinity chromatographic experiments
are the affinity of a ligand for its target, and the ability to
detect specific interactions over nonspecific ones. Logistical
concerns regarding these factors have recently been high-
lighted by Burdine and Kodadek.® The affinity of a ligand
for its target is a central concern, as the strength of this
interaction has historically been the largest predictor of suc-
cess in a target identification experiment. Protein binders must
remain bound to affinity resins during the extensive washing
required to remove nonspecific binding partners in order to be
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Fig. 5 Bioactive compounds from a tagged triazine library used
directly in affinity purification experiments.

detected. Fortunately, natural products and druglike mole-
cules often bind tightly to their targets. However two promis-
ing strategies have been proposed for target identification
using low-affinity ligands. The first involves combinatorial
assembly of two or more modest-affinity lead molecules in
an effort to discover high-affinity bivalent noncompetitive
ligands.’>3! The second involves incorporation of a photo-
reactive group onto a lead scaffold to turn a weak-affinity
ligand into an irreversible binder (see section 6 below).

Identification of protein targets is dependent on the ability
to enrich the concentration of ligand binding partners over
background nonspecific binding by attaining a balance be-
tween maximal target binding and minimal nonspecific inter-
actions. As organic small molecules are typically uncharged
and hydrophobic, high ligand loading on the resin can con-
tribute to nonspecific interactions with the ligand. However,
use of excessive amounts of affinity matrix may lead to
increased nonspecific interactions with the resin. In practice
it is advisable to construct a matrix with low ligand loading
(modulating its concentration with a blocking agent such as
ethanolamine), and then using the minimal amount of resin to
isolate a detectable amount of protein. Selection of an analysis
technique with a low limit of detection enables smaller
amounts of protein to be used. For gel analysis, protein stains
such as Sypro Ruby or Deep Purple have largely supplanted
silver staining, as they can detect nanogram amounts of
protein, and are more compatible with mass spectrometric
analysis.

Since detection of a target is dependent on both the affinity
and abundance of target proteins, it is imperative to maximize
the ratio of total protein to ligand to ensure that high-affinity,
but low-abundance binding partners can be detected over low-
affinity, but high-abundance proteins. This means it is im-
perative to use as much protein as possible, as it should be
assumed that the target is of low abundance until evidence
suggests otherwise. Unfortunately, the costs associated with
culturing large amounts of mammalian cells can be prohibi-
tive. Two solutions to this limitation are to spike expensive
mammalian cell lysates with E. coli lysates or to purchase large
amounts of mammalian cells on ice from commercial
suppliers.®

4 Target identification strategies employing
biotinylated probes

Another common technique for target identification is the use
of biotinylated probes (see ref. 21-25, 27-29, 32-40). Biotin,
vitamin B;, binds to the proteins avidin, streptavidin, and
NeutrAvidin with dissociation constants of ~107'> M, mak-
ing it one of the strongest noncovalent protein—ligand inter-
actions known. Thus, avidin-functionalized resins, when
incubated with a biotinylated probe, will create a noncovalent
affinity matrix that is stable under all but the harshest condi-
tions. Biotin and several derivatives are commercially avail-
able, allowing it to be easily appended to most common
functional groups. Avidin’s extensive glycosylation is respon-
sible for its high charge (pI = 10) and propensity for non-
specific binding. The more expensive deglycosylated variants

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev., 2008, 37, 1347-1360 | 1351



streptavidin (pI = 5) and NeutrAvidin (pI = 6.3) are com-
monly used in order to minimize nonspecific binding.

One major advantage over the use of affinity matrices is that
biotinylated probes are discrete small molecules that can be
fully characterized. Since the binding of biotin to avidin is
quantitative and essentially irreversible, the loading of a
known amount of probe onto a solid support is possible. In
contrast, when coupling affinity probes directly to commer-
cially available solid-phase resins, analysis of coupling effi-
ciency and chemical characterization of the matrix can be
problematic, although some creative solutions have been put
forward.?

Biotinylation strategies are not without their limitations, as
biotinylation of a target molecule often significantly decreases
its aqueous solubility. In addition, the solubility of biotin
conjugates in standard organic solvents can also be poor; thus
the introduction of biotin and further manipulation of biotin
conjugates must be carried out in high-boiling solvents like
DMF or DMSO. Consequently, biotinylation reactions are
usually carried out on a small scale in the final step of a
synthetic route.

Biotinylated probes can be utilized in various ways in target
identification strategies. (1) They can be pre-complexed with a
streptavidin resin, creating a non-covalent affinity matrix. This
approach is directly analogous to the affinity resins employed
in section 3, above. (2) They can be incubated with a cell
lysate, and then the streptavidin resin can be added to pull out
the biotinylated probe together with any bound protein. (3)
They can be incubated with live cells, and after cell lysis, can
be pulled out of solution with streptavidin resin, which will
then pull out any bound protein. Biotinylated probes and their
attached proteins may be eluted from avidin resins by 8 M
guanidine-HCI, pH 1.5, or by boiling in a typical denaturing
SDS-PAGE loading dye. Alternatives such as Invitrogen’s
CaptAvidin resin allow elution under more gentle conditions.
Another option is the incorporation of peptide-based protease
cleavage sites, to allow for selective ligand cleavage under
gentle conditions.>*** One further advantage of biotinylated
probes is that they also serve as imaging agents for immuno-
blots and microscopy through the use of labeled streptavidin
or antibodies raised against biotin itself.?’

4.1 Biotinylated probe pre-complexed with resin

Wang and co-workers recently used a biotinylated derivative
of the antimitotic bicyclic natural product diazonamide A (8)
to identify the mitochondrial enzyme ornithine §-amino trans-
ferase (OAT) as its target (Fig. 6A).>* In this experiment,
biotinylated derivative 9 and seco-analog 10 were preincu-
bated with avidin beads to generate noncovalent affinity
matrices that were subsequently used to purify OAT from
anion-exchange fractionated protein samples from Hela
(human cervical cancer) cell lysates, much like a solid-phase
affinity matrix discussed in section 3 would be used. Impor-
tantly, because 9 is cell-permeable, the authors were able to
first show that it induced the same mitotic spindle abnormal-
ities as parent compound 8, suggesting that the protein that
diazonamide A interacts with inside the cell was indeed the
same protein that was isolated by probe 9. As shown in the gel

HO

8, X=NH R=H, diazonamide A
9, X=0 R =(CH)3NH-biotin

HO'

10, R = (CH,);NH-biotin

b 1 2

kDa

75 —

50 —

Fig. 6 OAT is a cellular target of diazonamide A. (a) Diazonamide A
(8) and biotinylated derivatives (9 and 10). (b) Fractions of HelLa
extract were incubated with 10 (lane 1) or 9 (lane 2) bound to avidin-
agarose. Proteins eluted from the affinity matrix were separated via
SDS-PAGE and analyzed by silver staining. OAT (arrow) binds
specifically to 9, but not inactive comparison variant 10. Image
reproduced with permission from Wang et al.>*

in Fig. 6B, resins comprised of compound 9 (lane 2), but not of
inactive analog 10 (lane 1), were able to purify OAT.

In order to decrease the nonspecific binding often observed
when using avidin-based resins, a protein sample can be
“precleared” of nonspecific binders by passing the cellular
lysate though one of the control resins before incubation with
the affinity matrix. This technique was recently used by White-
sell and co-workers to determine that the natural product
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Fig.7 Annexin I is a cellular target of withaferin A. (a) Withaferin A
(11) and biotinyl-withaferin (12). (b) An affinity matrix obtained by
binding 12 to NeutrAvidin beads was incubated with a whole-cell
extract that had been treated with competitor 11 (lane 3) or DMSO
(lane 2). Bound proteins were then eluted, run on a SDS-PAGE gel,
and visualized with Sypro Ruby. The target, annexin II (arrow), is
absent in the competitor lane. Lane 1 is the “preclear” sample,
proteins which bind nonspecifically to unfunctionalized NeutrAvidin
beads. Image reproduced with permission from Falsey er al.??
Copyright 2006 Nature Publishing Group.

withaferin A (11) and its biotinylated probe 12 covalently bind
to annexin II, which induces actin microfilament aggregation
(Fig. 7A).%* Sensitive protein detection with Sypro Ruby
shows that many proteins isolated by probe 12 complexed
with NeutrAvidin beads (Fig. 7B, lane 2) were still present
when the experiment was performed in the presence of excess
11 (lane 3). These proteins bind to the resin, and not to the
probe, as confirmed by their presence in the “preclear” lane
(lane 1). The band that is present in lane 2, but absent in the
presence of competitor (lane 3), is the target, determined to be
annexin II (indicated by the arrow in Fig. 7B). This set of
experiments indicates that even nonglycosylated variants of
avidin can exhibit significant nonspecific binding.

A similar strategy was also used by Kozmin and co-workers
to identify actin as the molecular target of the natural product
bistramide A (13, Fig. 8).® Modification of their previously
published convergent synthesis of bistramide A provided
bioactive affinity probe 14 in seven synthetic steps. The
authors were able to use a synthetic intermediate lacking
spiroketal functionality as a comparison variant, inactive
control compound 15 (Fig. 8A). Neither the comparison

13, R=Me, bistramide A
14, R =(CH;);NH(C=0)(CH;)sNH-biotin

/\/w{;

b 15, R = (CHp);NH(C=0)(CH,) ENH -biotin

100 kDa —»

75 kDa —»

50 kDa —»
—

35 kDa —»

25 kDa —»

Matrix 14 Matrix 15

Fig. 8 Actinis a cellular target of bistramide A. (a) Bistramide A (13)
and biotinylated analogs 14 and 15. (b) Compounds 14 and 15 were
preincubated with streptavidin beads, and incubated with A549 cell
lysates. Matrices were eluted with lysis buffer (lanes 1, 4, 7), 82 uM
bistramide A (lanes 2, 5, 8), and then 0.1% SDS (lanes 3, 6, 9). Elution
fractions were run on poly(acrylamide) gels and silver stained. Actin
(arrow) is isolated only by matrix 14 and is competitively displaced by
13 (lane 2). Image reproduced with permission from Statsuk e al.®
Copyright 2005 Nature Publishing Group.

Beads

variant (Fig. 8B, lanes 4-6) nor the resin itself (lanes 7-9)
isolated significant amounts of protein, whereas affinity matrix
14 bound solely and specifically to actin (lanes 2 and 3), which
was eluted from the matrix with 13 or SDS.

4.2 Biotinylated probe incubated with cell lysate

It is less common to first incubate a biotinylated probe with a
protein lysate and then add a streptavidin resin.?"** This
protocol is non-ideal for several reasons. First, while the
binding of biotin to streptavidin is rapid, pre-incubation of
biotinylated compounds with streptavidin resins may be car-
ried out overnight without risk of degradation, which ensures
efficient coupling. Most importantly, pre-incubation allows
the use of excess of the biotinylated probe (because the resin
may be washed afterwards) to ensure that all biotin binding
sites are saturated, preventing the binding of endogenous
biotinylated proteins present in a cellular lysate. This creates
an affinity matrix with maximal compound loading,

This journal is © The Royal Society of Chemistry 2008
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minimizing the amount of resin that must be used to pull down
a detectable amount of protein, thus reducing the total
amount of nonspecific binders isolated in the experiment.

4.3 Biotinylated probe incubated with live cells

An advantage of biotinylated probes over solid-phase affinity
matrices is that they are often cell-permeable, meaning that it
is possible for the probe to interact with a target protein in its
native environment, inside a living cell or organism. Ulti-
mately, the goal of an affinity purification experiment is to
discover the protein that interacts with a compound inside the
cell to produce a certain phenotype, not just any protein that
binds to the compound in vitro. Consequently, experimental
protocols that simplify affinity purification experiments, such
as cellular lysis or subcellular fractionation, rely on the
assumption that cellular lysis and subsequent manipulation
do not disrupt the folding state or binding partners of the
target protein needed for the compound to induce its cellular
phenotype. As protein targets of many small molecules have
been identified from cellular lysates, it certainly is the case that
many proteins do retain their ability to bind compounds even
after cellular lysis. However, the possibility remains that such
simplifications are to blame in cases where affinity probes fail
to isolate a protein binding partner.

In an interesting case, Mohan and co-workers reported the
identification of the intermediate filament protein vimentin as
a second covalent target of withaferin A, one year after
Whitesell’s identification of annexin IL.*' The authors note
that, using a different biotinylated probe than Whitesell (which
incorporated a longer aliphatic linker in between withaferin A
and biotin), annexin II binding was not detected. This finding
highlights two important points, namely that (1) small mole-
cules may have more than one binding partner that may
contribute to the same or different phenotypes, and (2) that
the variables such as probe construction (linker length and
composition) and experimental design (in vitro vs. live-cell
labeling, cell type, efc.) may contribute to the preferential
isolation of one target over another.

For live cell experiments, the biotinylated probe is incubated
with cells for a defined period of time, cells are lysed, and an
avidin resin is added in order to sequester the probe-bound
target protein from the proteome. Decanting the supernatant
leaves only the resin—probe complex and any proteins which
bind to the probe. Myers and co-workers recently used this
procedure to show that natural product (+ )-avrainvillamide
(16, Fig. 9A) covalently targets the oncoprotein nucleophos-
min, a multifunctional protein overexpressed in many human
cancers.? By switching one coupling partner in step 15 of their
17-step route to the natural product, more than 30 analogs of
avrainvillamide were synthesized, including biotinylated ana-
log 17. Live T-47D cells were treated with 17 or a less potent,
structurally simpler analog (not shown) for 90 min and then
lysed and treated with streptavidin resin to purify nucleophos-
min (Fig. 9B, compare lane 2 with lane 4). The greater potency
of 16 over simpler analogs translates into more efficient and
more specific binding in its associated probes.?> After nucleo-
phosmin purified from in situ isolation was identified by mass
spectrometry, competition studies were carried out in cell

16, R =Me, (+)-avrainvillamide
17, R = rac-CH;-E-(CHCH)(CH;)gO-biotin

b 12 3 4
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Nuclear- -—
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Fig. 9 Nucleophosmin is a cellular target of (+ )-avrainvillamide. (a)
Avrainvillamide (16) and its biotinylated derivative (17). (b) Western
blot detection of nucleophosmin after addition of probes to live T-47D
cells followed by lysis and affinity purification via streptavidin resin.
Nucleophosmin is detected in the presence (lane 2), but not absence
(lane 1) of 3 uM 17. Attempted affinity purification from cells treated
with 3 pM 16 plus 3 pM biotin 9-decenyl ester did not isolate
nucleophosmin (lane 3). The complex molecular architecture of 16
aids in affinity purification, as the use of a structurally simpler and less
potent analog (9 uM, not shown) is a less efficient affinity reagent for
nucleophosmin (lane 4). (c) Western blot detection of nucleophosmin
after affinity purification from lysates. A streptavidin affinity matrix
made with 17 pulls down nucleophosmin from nuclear-enriched and
whole-cell lysates of T-47D cells (lane 1). Competitive addition of 16
prevents affinity isolation (lane 2), whereas ent-16 does not (lane 3).
Image reproduced with permission from Wulff et al.?* Copyright 2007
American Chemical Society.

lysates, showing by Western blotting that nucleophosmin
binding to 17 was specific, as excess 16, but not inactive ent-
16, prevented nucleophosmin binding and isolation (Fig. 9C).

There are several other examples in the literature detailing
the discovery of protein binding partners of biologically active
small molecules by direct addition of probes to cells in culture.
Target identification of the natural products fumagillin,!
parthenolide,>* and epoxomicin® were all carried out through
incubation of biotinylated derivatives with human cell
cultures, followed by lysis and purification of protein binding
partners. However, in each of these cases, target purification
was facilitated by the fact that the probe also covalently
modified its target protein. Incubation of biotinylated deriva-
tives with live cells in culture represents an important strategy
for affinity purification of binding partners of covalent protein
inhibitors. Interestingly, this strategy (without the use of
photocrosslinking) has not been used to identify the protein
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targets of noncovalent binders. It is possible that such a
strategy would not be successful, as the conditions used for
cell lysis could disrupt noncovalent interaction between the
target protein and the probe.

5 Target identification strategies employing
radiolabeled or fluorescent probes

In 2003, Cravatt and Sorensen et al. reported a “‘tag-free”
identification of the target protein of (—)-FR182877, a natural
product of interest for both its synthetic challenges and
antitumor properties (18, Fig. 10A).> Using a technique
pioneered in the field of proteomic profiling,**** attachment
of an azide generated tagged probe 19. The azide functional
group allowed fluorescent reporter tags to be appended using
the ubiquitous Cu(i)-catalyzed variant of the azide—alkyne
cycloaddition, avoiding side reactions observed when attempt-
ing to functionalize the scaffold with nucleophilic reagents. A
sample of the mouse-heart proteome was incubated with
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Fig. 10 Carboxylesterase-1 is a cellular target of (—)-FR182877. (a)
(—)-FR182877 (18), azide-tagged analog 19 and fluorescent- and
affinity-tagged derivatives (20 and 21). (b) Probe 20 efficiently labels
carboxylesterase-1 under native conditions (lane 2), but not in a heat-
treated proteome sample (lane 1). Labeling is prevented by competitive
addition of 18 (lane 3), but not enr-18 (lane 4). Labeling not seen with a
rhodamine-tagged probe constructed from ens-19 (lane 5, structure not
shown). Image reproduced with permission from Adam et al.*® Copy-
right 2003 Wiley-VCH Verlag GmbH & Co. KGaA.

rhodamine-tagged probe 20 and then resolved by SDS-PAGE;
this strategy revealed that a 70 kDa protein was specifically
labeled (Fig. 10B). The authors found that heat-denaturation
of the proteome sample prior to incubation with the probe
abolished labeling, suggesting that labeling only occurred
when the probe was bound to the target protein in its native
state. To identify the 70 kDa protein, probe 21 was used to
purify the labeled protein from the proteomic mixture using
avidin chromatography. This purified protein sample was
resolved via SDS-PAGE and the rhodamine-tagged 70 kDa
band was excised from the gel and analyzed by mass spectro-
metry to identify carboxylesterase-1 as a protein target of
(—)-FR182877.

A similar strategy was employed by Crews and co-workers
in the identification of the protein target of triptolide, a
diterpene component of the Chinese medicinal herb lei gong
teng (22, Fig. 11A).** A sample of the natural product was
tritiated by a contract service and incubated with HeLa cells.

22, triptolide
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Fig. 11 PC2 is a cellular target of triptolide. (a) The diterpene
triptolide (22). (b) [*H]-Triptolide was incubated with HeLa cells
and cell lysates were fractionated by anion exchange chromatography.
The site of [*H] incorporation was not determined. (c) Radioactive
fractions from (b) were subjected to PAGE and stained with Coomas-
sie Blue. PC2 (arrow) staining intensity correlates with the radio-
activity of anion exchange fractions. Image reproduced with
permission from Leuenroth et al.**
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After cellular lysis, the proteome was fractionated via FPLC
over an anion-exchange column and radioactive fractions were
analyzed by SDS-PAGE and stained with Coomassie Blue
(Fig. 11B and C). The intensity of Coomassie staining of a
band at 110 kDa was proportional to the radioactive intensity
of the fractions, indicating that [*H]-triptolide bound specifi-
cally to this protein, which mass spectrometric analysis deter-
mined to be the calcium channel protein PC2.

These radiolabel/fluorescent probe target identification stra-
tegies are typically only useful when the small molecule
covalently modifies its target, and thus is still linked to the
protein under the denaturing conditions used for SDS-PAGE
analysis.*> One exception to this was the identification of the
protein target of phorboxazole A using a fluorescent derivative
of this compound in conjunction with native (non-denaturing)
PAGE (Fig. 1).%

6 Target identification strategies employing
photoaffinity probes

An ideal affinity probe should be easily characterized by
routine spectroscopic techniques, and should be constructed
so that it interacts with the target protein in live cells in the
same way that the parent compound does. Additionally, it
must retain sufficient affinity for the target protein such that it
remains bound to the probe during elution of nonbinding
proteins. Radiolabeled probes that covalently modify their
protein targets probably come closest to this ideal.

But what if the compound of interest binds to its target in a
non-covalent fashion? What if the compound has only a
moderate affinity for its protein target? One of the short-
comings of the methods described in sections 3 and 4 is the
difficulty in isolating less abundant or low affinity proteins.
Sometimes, abundance problems can be solved simply by
using more protein. Isolation of low-affinity proteins is in-
herently more problematic, however, because it is precisely the
probe’s affinity for its cellular target that is used to separate it
from non-binders. It is perhaps no coincidence that the earliest
examples of successful target identification via affinity purifi-
cation involved molecules that bound abundant target
proteins irreversibly, or with very high affinity.

One must not forget that the ultimate goal of a target ID
experiment is not the discovery of the tightest-binding mole-
cular target of a particular compound per se, but rather the
elucidation of the protein whose inhibition or activation leads
to the biologically interesting phenotype. Also, the knowledge
of all proteins which bind to a compound can be important in
predicting the off-target effects of a drug, as illustrated recently
by Peters and Gray in a method to assay the binding partners
of kinase inhibitors.*’

In order to prevent the dissociation of weak binders during
the course of an affinity purification experiment, crosslinking
reagents can be used to irreversibly attach a small molecule to
its target protein. The presence of chemically reactive electro-
philic groups such as epoxides contributes to the exquisite
potency of several classes of natural products, as these com-
pounds often bind irreversibly to the target of interest. Taun-
ton and co-workers’ recent report of the structural
bioinformatics-based design of human protein kinase inhibi-
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Fig. 12 Photoreactive groups commonly employed in photocros-
slinking experiments. Aryl azides (23) are excited initially to singlet
nitrenes using potentially damaging short-wave UV light. Irradiation
of benzophenones (24) or diazirines (25, 26) with longwave UV light
sources forms radicals or carbenes, respectively.

tors showed that targeting nonconserved nucleophilic func-
tionality within the highly conserved human protein kinase
active site with an electrophile produced highly potent and
selective kinase inhibitors.*® Use of this strategy in target
identification, however, is not feasible, as proper placement
of the reactive group such that it is in position to react with a
nucleophilic residue on the target protein is unlikely when the
target is unknown, and promiscuous reactivity of the electro-
philic moiety with cellular nucleophiles would complicate
analysis.

To better accomplish this task, a compound can be functio-
nalized with a photoreactive functional group.**>> In these
experiments, the compound (containing a photoreactive
group) is incubated with a lysate or whole cells to allow the
probe to bind to its target protein. In the absence of UV light,
the photoreactive group is stable, allowing the unactivated
probe to come into binding contact with its target. Irradiation
of the photoprobe at a specific wavelength will generate a
reactive species that rapidly reacts with a variety of amino acid
residues, forming a covalent linkage between the probe and its
target protein. The three most common photophores used in
target identification studies are aryl azides (23), benzo-
phenones (24), and diazirines (25, 26, Fig. 12).42

6.1 Aryl azides as photoprobes for target ID experiments

Although its crosslinking efficiency is generally regarded as
poor (especially when lacking electron-withdrawing function-
ality on the ring), the azido functionality has been a popular
choice due to its small size and ease of introduction. Jessen
et al. recently reported the molecular target of a series of 3,5-
diaryl-1,2,4-oxadiazoles that induce apoptosis and selectively
inhibit tumor growth in vivo using this strategy (Fig. 13A).%
SAR studies based on compound 27 indicated that function-
ality at the 4-chloro-position, required for activity, could be
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Fig. 13 TIP47 is a cellular target of antitumor 3,5-diaryl-1,2,4-
oxadiazoles. (a) Active compounds 27 and 28 and tritiated photoprobe
29. (b) Autoradiograph of a two-dimensional gel shows radiolabeling
of a single target protein, TIP47, at MW 50 kDa and pl 5.3 (arrow).
Image reproduced with permission from Jessen et al.>* Copyright 2005
American Association for Cancer Research.

replaced with an azide photophore with no loss in activity (28).
The 3,5-ditritium variant (29) of this compound was incubated
with lysate from T-47D human breast cancer cells and irra-
diated with shortwave UV light. Two-dimensional electro-
phoretic separation of the photocrosslinked lysate followed
by autoradiographic development revealed a single spot at
MW 50 kDa and pl 5.3 (Fig. 13B). A duplicate gel of lysates
not incubated with the tritiated probe was prepared and the
analogous spot excised from the gel and analyzed by LCMS/
MS. Twelve peptides matching tail-inducing protein 47
(TIP47), an insulin-like growth factor-II receptor binding
protein, were identified by mass spectrometry, and thus this
protein is believed to be the primary target leading to apopto-
tic induction by compound 27.

6.2 Benzophenone and diazirines as photoprobes for target ID
experiments

Fujii and co-workers used biotinylated photocrosslinking
probes 31-33 to discover receptors for the leaf-movement
factor potassium lespedezate (30), a ligand whose concentra-
tion governs circadian rhythmic leaf-movement in leguminous
plants (Fig. 14A).>” Three different probes were synthesized in
order to examine the relationship between bioactivity and
photocrosslinking efficiency of the probes, as systematic stu-
dies of such relationships are lacking. Probes were incubated
with plasma membrane proteins from motor cells in plant
leaves and irradiated with longwave UV light for 10 min to
crosslink receptor proteins. After gel electrophoretic separa-
tion of the lysates, immunoblotting for probe-coupled (bioti-
nylated) proteins identified a 210 kDa protein as a potential
receptor protein. Probe 31, which positions the photoactive
group farthest away from the pharmacophore for increased
bioactivity, showed no specific crosslinking (Fig. 14B, lanes 3
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Fig. 14 Detection of receptor proteins of the leaf-movement factor
potassium lespedezate. (a) Potassium lespedezate (30) and photop-
robes (31-33). (b) Probe 32 incubated with membrane proteins of
motor cells with (lane 2), and without excess 30 added (lane 1). Probe
31 incubated with membrane proteins of motor cells with (lane 4), and
without excess 30 added (lane 3). (c) Probe 33 incubated with
membrane proteins of motor cells with (lane 2), and without addi-
tional 30 added (lane 1). Western blots imaged by chemiluminescent
detection of biotin. The authors report that probe 33 most efficiently
labels the unknown 210 kDa receptor protein. Image reproduced with
permission from Fujii et al.2” Copyright 2005 Elsevier Ltd.
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and 4). Diazirine 32 (Fig. 14B, lanes 1 and 2) and benzophe-
none 33 (Fig. 14C) both label an unknown 210 kDa protein,
which is a potential receptor for 30. The authors report that
33, the least bioactive of the three photoprobes synthesized,
produced the most efficient photolabeling, which they attri-
bute to the proximity of the benzophenone photophore to the
presumed binding pocket of 30. However, in the absence of a
binding model, it is unclear whether the difference in cross-
linking efficiency between probes 32 and 33 is due to the
proximity of these two groups to the binding pocket of the
target, or difference in the photoreactivity of the photophores
themselves. This highlights an important point, namely that
there may be a fine balance between bioactivity and cross-
linking efficiency, and that photophore selection may have a
significant effect on crosslinking efficiency.

6.3 Photocrosslinking, followed by detection via click
chemistry

The examples described in sections 6.1 and 6.2 rely on the
compound of interest to have some sort of “tag” on it (i.e., a
radiolabel or biotin) that will allow its subsequent detection in
electrophoresis experiments. As discussed above, introduction
of biotin tags is often undesirable from a logistical standpoint,
as large tags can decrease solubility and activity of a target
ligand, and few chemistry labs are equipped to work with
radioactive isotopes. Taunton and co-workers recently de-
tailed the elucidation of the cellular target of HUN-7293
(34), a fungal cyclodepsipeptide known to block cotransla-
tional translocation of vascular cell adhesion molecule
(VCAM) and other proteins into the ER, using multifunc-
tional photoprobe 35 (Fig. 15A).>* They introduced an alkyne
on a derivative of HUN-7293 as a bioorthogonal chemical
handle through which they could rapidly tag their compound
after photocrosslinking.

In order to maximize the efficiency of photocrosslinking and
thus target identification, Taunton and co-workers substituted
a leucine residue in the molecule with the diazirine photophore
photo-leucine, and incorporated the alkyne tag. By making
conservative structural modifications, 35 retains the potency
of the parent compound, and places the photo-excitable group
inside the scaffold of the natural product. Irradiation of a
mixture of probe 35 with ER microsomal fractions, followed
by azide—alkyne cycloaddition to a rhodamine—azide reporter
selectively labeled Sec61, a 50 kDa ER membrane channel
protein previously suspected to be a possible target (Fig. 15B).
This interaction was competitively abolished by addition of 36,
a non-photoactivatable analog of 35.

Several convenient multifunctional probe scaffolds are read-
ily available from commercial sources and have been reported
(Fig. 16).>336-3559 L ysine, with its three functional groups, is
available in many protecting group combinations and is a
popular scaffold. Yao and co-workers have recently reported
lysine-based modular probes of type 37 in their synthesis of
affinity-based probes for profiling of aspartic proteases.’>°
The unnatural amino acid 4-benzoylphenylalanine (Bpa, 38)
was used by Sewald and co-workers as a core scaffold in the
synthesis of multifunctional probes used in one of the first
reports of affinity-based tagging of protein families for pro-
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Fig. 15 Sec6la is a molecular target of HUN-7293. (a) HUN-7293
(34), its modular photoprobe (35), and a non-photoactivatable com-
petitor (36). (b) In-gel fluorescence analysis of rhodamine-tagged
photocrosslinked proteins. Sec6lo crosslinking (lane 1, arrow) de-
creases with increasing amounts of 36 (lanes 2-4). Labeling was not
observed in the absence of either UV irradiation (lane 5) or probe 35
(lane 6). Image reproduced with permission from MacKinnon er al.>*
Copyright 2007 American Chemical Society.

teomics using reversible inhibitors in combination with photo-
crosslinkers.’” Bifunctional probes of type 39 are also
popular.’® They were used recently by Cremo and co-workers
in crosslinking studies to generate a structural model of the
regulatory domains of smooth muscle heavy meromyosin.”
Based on these scaffolds, it is easy to imagine polyfunctional
probes such as 40 and 41 where a large combination of
purification, imaging, and bioorthogonally reactive tags may
be appended as desired.

The relationship between photoprobe affinity and labeling
efficiency was analyzed in depth by Salisbury and Cravatt in a
recent paper detailing the optimization of ““clickable” activity-
based probes for the proteomic profiling of HDAC com-
plexes.®’ No strong correlation was observed between photo-
labeling efficiency and inhibitory activity (and thus binding
strength) of several potent probes. Their findings highlight the
importance of the location and orientation of the crosslinking
agent inside chiral binding pockets, as enantiomeric probes
containing either L- or p-Bpa displayed disparate labeling
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probes.

efficiencies. Furthermore, variation of the proximity of the
crosslinking moiety to the inhibitor binding pocket was useful
in this case, as longer linkers were also able to label known
HDAC-associated proteins. Most interestingly, for one probe,
SAHA-BPyne, the authors report superior labeling, both in
terms of decreased background and increased sensitivity, in
live cells (in situ) as opposed to in vitro photolabeling of
lysates. This highlights the potential advantage of labeling
putative target proteins inside the dynamic environment of the
cell, as opposed to a simplified proteomic mixture.

7 Target identification and validation

In all cases discussed above, the affinity of an analog/deriva-
tive of a biologically active compound was used to selectively
purify a protein from a complex mixture or tag it with a
reporter such as a fluorophore or a radiolabel. Modern peptide
mass fingerprinting has emerged as the primary means to
identify target proteins from such experiments.®' Typically

the enzyme trypsin is used to digest isolated proteins, either in
solution with affinity resins, or directly in SDS-PAGE gel
slices after electrophoresis. Tryptic peptide fragments are
separated via HPLC and directly injected into a mass spectro-
meter with an analyzer configuration. Masses of parent ions
are recorded, and these peptides are sent to a collision
chamber where they are degraded further. Mass spectral
analysis of the resultant fragments is used to computationally
piece together the amino acid sequence of the original tryptic
peptide fragment. Comparison of these sequences to peptide
sequence databases gives possible protein assignments with a
confidence based on the quality of the mass spectral data.
Today there are several commercially available MALDI and
ESI mass spectrometers and software packages with this
capability, and any large institution with a mass spectrometry
facility should be capable of acquiring this type of data.

Once a putative target protein has been identified, several
follow up experiments are possible to confirm that the com-
pound of interest binds to the protein. The simplest experi-
ments involve in vitro analysis of the purified protein with the
compound. Direct binding can be analyzed by fluorescence
anisotropy, isothermal titration calorimetry, or surface plas-
mon resonance. If the target is an enzyme, the compound or its
analogs may be tested as potential inhibitors. Additionally,
photoactivatable probes, when incubated with purified sam-
ples of target protein, can help map binding sites in the protein
through photocrosslinking followed by peptide mass finger-
printing. Knowledge of a binding site enables site-directed
mutagenesis studies to be performed, as deletion of key
binding residues should alter affinity of the compound for
the protein, and prevent affinity isolation.?

The most common cell culture validation experiments are
designed to modulate the levels of the putative target protein.
RNAI techniques capable of “knocking down™ the expression
level of the putative target protein can be used to confirm if the
absence of the protein results in the same phenotype induced by
chemical treatment with the compound of interest. In cases where
a “knockout” cell line exists for the target protein, treatment with
the compound should have no effect, as there should be no target
for the compound to interact with. Conversely, artificially in-
creasing the levels of the putative target protein by overexpres-
sion of the target from a transfected plasmid should in many
cases diminish the cellular effect of the compound. Finally,
analysis of the subcellular localization of a fluorescent version
of the compound can be performed with confocal microscopy; if
there is an antibody available for the putative protein target,
cellular colocalization studies can be performed.

8 Conclusions and outlook

Although new technology-driven discovery platforms are emer-
ging, the use of affinity-based probes in the identification of the
molecular targets of bioactive small molecules is still as relevant
in modern biomedical research as it was 20 years ago. Although
difficult, the discovery of the molecular targets of biologically
active compounds can unveil entirely new proteins for targeted
drug discovery efforts, in addition to revealing basic informa-
tion about the role of identified proteins in the cell.

This journal is © The Royal Society of Chemistry 2008
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