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ABSTRACT: Activity-based protein profiling (ABPP) has emerged as a powerful strategy to study the activity of enzymes in
complex proteomes. The aim of ABPP is to selectively visualize only the active forms of particular enzymes using chemical probes
termed activity-based probes (ABPs). These probes are directed to the active site of a particular target protein (or protein family)
where they react in a mechanism-based manner with an active site residue. This results in the selective labeling of only the
catalytically active form of the enzyme, usually in a covalent manner. Besides the monitoring of a specific enzymatic activity,
ABPP strategies have also been used to identify and characterize (unknown) protein functions, to study up- and down-regulation
of enzymatic activity in various disease states, to discover and evaluate putative new enzyme inhibitors, and to identify the protein
targets of covalently binding natural products. In this Topical Review we will provide a brief overview of some of the recent
developments in the field of ABPP.

Activity-based protein profiling (ABPP) has emerged as a
powerful strategy to study the activity of enzymes in

complex proteomes.1 Enzyme expression levels often do not
correlate directly to their activity, as the activities of many
enzymes are regulated by post-translational modifications,
protein−protein interactions, and/or the action of endogenous
small molecules and protein attenuators.2 This importance of
monitoring enzymatic activity in relation to their expression
levels can be illustrated using the endolysosomal proteases.
These enzymes are highly proteolytic with limited specificity3

and therefore inherently destructive even to self-proteins. The
presence of proteolytically active endolysosomal cysteine
cathepsins in the cytosol, for example, is a strong enough
danger to instigate inflammatory apoptosis.4 In order to carry
out their function in their designated organelle, endolysosomal
proteases are synthesized as zymogens with an inhibitory
peptide blocking the active site. Only in the acidic environment
of the endolysosomal system are these pro-peptides removed,
liberating the active enzyme.5 Methods to quantify mRNA or
protein levels could therefore result in misinterpretation of the
role of these proteases, as the active populations of the enzymes
are most important for their biological function.
The aim of ABPP is to selectively visualize only the active

forms of particular enzymes using chemical probes termed
activity-based probes (ABPs). These probes are directed to the
active site of a particular target protein (or protein family)
where they react in a mechanism-based manner with an active

site residue. This results in the selective labeling of only the
catalytically active form of the enzyme, usually in a covalent
manner. Since the first description of a radioactive proto-ABP
against esterases by Ostrowski and Barnard in 1961,6 a large
number of ABPs that target many different enzyme classes has
been developed.7 These probes have enabled the selective
labeling of known enzymatic activity in complex biological
samples such as cell lysates, cell cultures, and living
organisms.1a−c Besides monitoring a specific enzymatic activity,
ABPP strategies have also been used to identify and
characterize (unknown) protein functions, to study up- and
down-regulation of enzymatic activity in various disease states,
to discover and evaluate putative new enzyme inhibitors, and to
identify the protein targets of covalently binding natural
products.1 In this Topical Review we will provide a brief
overview of some of the recent developments in the field of
ABPP.

■ GENERAL STRATEGY FOR ABP DEVELOPMENT

In general, ABPs contain three essential structural elements
(Figure 1A). These elements are a reactive group, which reacts
with the active site of the target enzyme (also called the
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“warhead”); a recognition element, which imposes selectivity
upon the warhead for a specific enzyme or enzyme class; and
finally, a detectable agent that allows the retrieval or imaging of
the enzymes in question.
The warhead mediates irreversible binding of the probe to

the enzyme of interest by reacting in a mechanism-based
manner with the catalytically active amino acid residue of the
enzyme. It is often an electrophilic moiety that is susceptible to
attack by the active site nucleophile. The warhead needs to be
sufficiently reactive to allow reaction with the intended active
site residues. However, it should be unreactive enough not to
react with off-target amino acids or any other functionality
present in the sample.
The recognition element confers selectivity toward a specific

protein of interest by binding the target protein and bringing
the warhead of the probe and the active site nucleophile in
close proximity, thereby stimulating their reaction. Together,
the structure of the recognition element and the reactivity of
the warhead can be tuned to provide selective targeting of a
specific enzyme or multiple members of an enzyme class.
ABPs attached to active enzymes can be detected using a

detectable group (Figure 1B). Commonly used reporter entities
for ABPP studies include fluorescent tags that enable
visualization of the labeled proteins in an SDS-PAGE
experiment and by fluorescence microscopy, affinity tags such
as biotin for detection in blotting experiments or even the
retrieval of labeled proteins using a solid-support resin for
subsequent mass spectrometry analysis, or a combination of
these.8 Quenched fluorophores that only become fluorescent

after binding of the ABP to a target enzyme can strongly reduce
background labeling and thereby provide significant advantages
for (in vivo) imaging applications.9 An alternative approach is
two-step labeling, in which the ABP is first modified with a
small bioorthogonal chemical group10 and subsequently
modified with a reporter entity (Figure 1C). This approach
provides the advantages that multiple visualization and retrieval
handles can be introduced in one experiment and that cell-
permeability of such two-step ABPs carrying small bioorthog-
onal handles is generally improved. The use of two-step
labeling strategies will be discussed in detail further in this
Topical Review.
The three main elements of ABPs may be separated by

additional linkers that can be used to minimize steric hindrance
or modulate solubility and membrane-permeability of the
probe. Moreover, chemically cleavable linkers may be included
to facilitate the selective release of target proteins after affinity
purification10,11 and targeting elements can be added for
targeted delivery of the probe to a specific cell type or cellular
compartment.12

The enzymes that are most readily targeted by ABPs are
those that form a covalent intermediate with their substrate at
some point in the catalytic mechanism. The formation of such
an intermediate can be exploited for the design of a probe that
reacts in a manner similar to the substrate and thereby forms a
covalent and irreversible bond with the active site of the
enzyme. An example is the labeling of cysteine proteases using
the biotinylated peptide epoxysuccinate DCG-04 (1; Figure
2A), which was shown to react with a number of cysteine

Figure 1. Schematic representations of one- and two-step ABPP strategies. (A) General composition of a direct ABP (left) and a two-step ABP
(right). (B,C) Labeling of enzymatic activity by a direct ABP (B) or a two-step ABP (C). SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel
electrophoresis. MS: mass spectrometry.
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proteases of the cathepsin family in cell extracts.13 The epoxide
moiety of the ABP, which functions as the warhead, is attacked
by the catalytically active cysteine residue in the active site,
resulting in opening of the epoxide and the formation of a
stable covalent bond between the enzyme and the probe
(Figure 2B).14

In cases where no covalent enzyme−substrate intermediate is
formed, activity-based profiling can be achieved by applying
suicide substrates that act via an indirect binding mechanism.
For example, fluorogenic ABP 2 (Figure 3A) was developed to
report on the activity of β-galactosidases by reacting as shown
in Figure 3B.15 This probe contains a latent quinone methide
precursor which is released upon hydrolysis by a target enzyme.
The highly reactive species that is formed can subsequently
react with a nearby nucleophilic amino acid residue, yielding an
immobilized fluorescent label. Although suicide substrates bind
in a mechanism-based manner, the reactive species that is
released may react with a nucleophile distant from the active
site or even another component in the sample, so that this type
of ABP does not specifically label the protein of interest. In this
Topical Review the focus is on the first class of ABPs which
directly modify a catalytically active amino acid residue. It
should be kept in mind that the use of these probes results in
the subsequent inhibition of catalytic activity and may thereby
potentially disturb the system at hand, especially when applied
to living organisms.

■ SELECTIVITY VERSUS REACTIVITY

One of the main challenges when designing an ABP is to find
the appropriate balance between the selectivity of the probe
(that is its target-to-background reactivity) and the reactivity
toward the target protein. A fine balance between reactivity and
selectivity of an ABP is essential to achieve specific labeling of a
desired protein or set of proteins. The rational design of a
warhead, in particular, its reactivity, can be an important factor

to modify the range of enzymes that is targeted by an ABP.
This aspect of ABP design is clearly illustrated by the
development of probes 3−5 (Figure 4), which contain either
an α-halogenated acetamide or a fluoromethylketone as the
warhead.16 Iodide is a good leaving group and the
iodoacetamides are excellent electrophiles for SN2 reactions
with soft nucleophiles such as thiolates, while being stable
toward nucleophilic attack by hard nucleophiles such as water.
This results in a high intrinsic reactivity toward cysteine
residues, so that tagged derivatives such as biotinylated probe
316a and two-step probe 416b are capable of labeling virtually all
cysteine residues within a biological sample. Consequently,
these reagents are not applicable as ABPs but they are generally
used for the global profiling of protein expression by mass
spectrometry analysis. The incorporation of a “light” (hydro-
gen) or “heavy” (deuterium) isotope-labeled linker into the
ABP (3) or, in case of probe 4, into the ligation reagent enables
the relative quantification and parallel identification of
individual proteins from two complex biological samples. In
addition to these global labeling experiments, probe 4 was used
to demonstrate how selectivity can be realized without lowering
the reactivity of the probe.16b Highly reactive cysteine residues,
which likely include catalytic residues and, for example, sites of
post-translational modification, were discriminated from
cysteine residues with low reactivity by using varying
concentrations of the iodoacetamide reagent. While the
cysteine residues with low reactivity are labeled in a
concentration-dependent manner, labeling of the most reactive
cysteine residues is equally efficient when a sub-stoichiometric
amount or an excess of the reagent is used. This strategy
enables the annotation of highly reactive cysteines regardless of
their natural abundance and can be used to identify new
residues with putative catalytic activity.
In contrast to the iodoacetamide reagents, fluoromethylke-

tone inhibitors and their derivatives, such as the fluorescein-

Figure 2. (A) DCG-04, a biotin-tagged cysteine protease ABP (1). (B) Mechanism of action of 1 reacting with the active-site cysteine nucleophile in
papain-like cysteine proteases.
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functionalized ABP 5 (Figure 4),16c have a very low intrinsic
reactivity toward cysteine residues because the fluoride is a very
poor leaving group and the carbon−fluorine bond is much
more stable than the carbon−iodine bond. In this case, selective
activity-based labeling of a specific class of cysteine proteases,
the caspases, was achieved by incorporation of a peptide into
the ABP that specifically binds these enzymes and thereby
brings the warhead in close proximity to the active site cysteine
residue so that a reaction takes place.
ABPs based on the small (76 amino acids) protein ubiquitin

offer another example of reactivity vs selectivity tuning (6a−f,
Figure 5). These ABPs can be used to target deubiquitinating

enzymes (DUBs), a class of proteases that remove ubiquitin-
proteins from substrate proteins which are linked via their C-
terminus to the ε-amine group of a lysine residue on the
substrate or on another ubiquitin. The first example of an ABP
for the cysteine-DUBs was reported by the Ploegh lab.17 They
used a native chemical ligation strategy to substitute the C-
terminal glycine residue of recombinant ubiquitin with a vinyl
sulfone warhead (6a). Subsequent radioiodination led to an
ABP that labels a number of deubiquitinating enzymes in cell
extracts. In later studies, other thiol-reactive electrophiles were
attached to epitope-tagged ubiquitin to modify the reactivity of
the probes toward specific deubiquitinating and ubiquitin-
conjugating enzymes.18 It was found that different classes of
deubiquitinating enzymes were isolated depending on the
nature of the warhead: those based on Michael-addition
reactions resulted in the retrieval of different classes of DUBs
than those based on substitution reactions.18a The vinyl sulfone
warhead, for example, did not react with cysteine DUBs from
the OTU-family, whereas the bromoalkyl warhead (6b, X = Br)
did react with these. The recently reported 2,6-trifluorome-
thylbenzyloxymethylketone (TF3BOK, 6c) and β-lactone (6d)
warheads were shown to be reactive toward cysteine residues
with pKa values 2 units higher than those of DUBs reactive with
vinyl methylester (6e). Vinyl sulfone warheads were even used
to label the cysteine residues of ligases from the ubiquitin-
conjugating machinery.18b Ekkebus et al.19 and Sommer et al.20

Figure 3. (A) Indirect alkylation-based ABP for β-galactosidases (2).
(B) Mechanism of action of ABP 2 labeling a nearby nucleophilic
amino acid residue after cleavage in the active site of a target enzyme.

Figure 4. Structures of reactivity-based probes: biotinylated (3) and
alkyne-functionalized (4) iodoacetamide reagents react with cysteine
nucleophiles without a recognition element imbuing specificity. ABP 5
reacts selectively with caspases due to the relatively low nucleophilicity
of the fluoromethylketone warhead and a small caspase recognition
element.

Figure 5. Structures of ABPs for deubiquitinating enzymes and
ubiqiutin ligases: the C-terminal glycine residue of ubiquitin can be
replaced by a series of warheads, each with different DUB selectivity
and specificity.
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recently reported DUB- and SUMO-ABPs based on an alkyne
as a warhead (6f). This was surprising as the alkyne is
essentially a very poor electrophile and is therefore frequently
used for bioorthogonal ligation reactions. When attached to the
C-terminus of ubiquitin or SUMO, however, it can be used to
label deubiquitinating enzymes in an activity-based manner;
even those that are not labeled by existing vinyl methylester and
vinyl sulfone probes. These results nicely reveal that attachment
of a warhead, that is generally considered to be unreactive

toward nucleophiles, to a specific and tightly binding substrate
can induce reaction with the catalytically active cysteine residue.
The reactivity vs selectivity balance was further highlighted by
comparing caspase probes bearing either an aldehyde or an
alkyne warhead. The peptide-aldehyde inhibitor of caspase-1,
Ac-YVAD-aldehyde, is a potent caspase inhibitor.21 Conversion
of the C-terminal aldehyde to an alkyne using the Bestmann-
Ohira reagent22 completely ablated the inhibitory potential of
this compound, presumably due to the low affinity of this

Figure 6. (A) Biotinylated epoxomicin-derived proteasome probe 7. (B) Binding mechanism of ABP 7 to active proteasome β-subunits.

Figure 7. (A) Azide-tagged (8) and fluorescently labeled (9) cyclophellitol derivatives and fluorescently labeled aziridine-based probe 10 to target
retaining β-glucosidases. (B) Mechanism of retaining β-glucosidase labeling by ABPs 8 and 9.
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acylated tetrapeptide for these enzymes.19 In contrast, the
functionalization of larger peptide fragments of a natural
caspase-1 substrate with an alkyne warhead yielded selective
caspase-1 ABPs.19

An exciting recent development in the field of DUB-labeling
has been the recent report of interchain warheads to probe
ubiquitin−ubiquitin linkage specificity of certain deubiquitinat-
ing enzymes. McGouran et al.,23 followed by Li et al. and
Mulder et al.,24 reported the use of diubiquitin-based ABPs
where the warhead was positioned between two regiospecifi-
cally linked ubiquitin chains. With this approach, they showed
that most DUBs have no linkage preference while certain DUBs
show a very high selectivity for cleavage of specific poly
ubiquitin chains.

■ INHIBITOR-BASED PROBE DESIGN

In the above approach, the natural substrate of deubiquitinating
enzymes was used as the starting point for ABP design by
modifying it with a detectable group and a reactive warhead in
such a way that reaction with the enzyme results in covalent
and irreversible binding. Knowledge of the catalytic mechanism
and/or reactivity of an enzyme toward particular electrophiles is
essential for the design of substrate-based probes. Alternatively
to substrate-based design strategies, irreversible inhibitors
(often natural products) can provide excellent starting points
for the design of an ABP. For example, the structure of the
potent biotin-tagged proteasome ABP 7 (Figure 6A) was
derived from the naturally occurring irreversible proteasome
inhibitor epoxomicin by extension of the N-terminus of the
peptide epoxyketone with a biotinylated linker.25 The
proteasome contains three catalytically active β-subunits that
have different substrate preferences but each employ an N-
terminal threonine residue as the active site nucleophile, a

distinctive feature that is only found in a few other proteases.
This particular aspect of the proteasome’s catalytic mechanism
is exploited by the inhibitor to achieve selective targeting of this
enzyme. The binding mechanism involves reaction of both the
hydroxyl group and the primary amine of a catalytic threonine
residue with the ketone and the epoxide of the inhibitor
warhead, respectively, to form a stable morpholine ring (Figure
6B).25c

Another example of ABP development guided by a
mechanism-based inhibitor is based on the natural product
cyclophellitol.26 This irreversible retaining β-glucosidase
inhibitor has served as a basis for the synthesis of direct and
two-step ABPs (8 and 9, Figure 7A) that selectively label the
human enzyme glucocerebrosidase in cell extracts and cultured
cells.27 Interestingly, the introduction of the hydrophobic
fluorescent tag in probe 9 proved to strongly enhance its
affinity as compared to the parent compound cyclophellitol.
Irreversible binding of these probes is thought to occur by
attack of the nucleophilic glutamic acid residue in the active site
of retaining β-glucosidases on the epoxide moiety of the ABPs
(Figure 7B).28 A second glutamic acid residue, which is
essential for substrate hydrolysis by acting as a general acid/
base, was shown to be also requisite for binding of the epoxide
probes.27 In a later study, an aziridine-based ABP (10, Figure
7A) was revealed to inhibit retaining β-glucosidases with
enhanced potency and enabled in vivo profiling of enzymatic
activity.29

The biotinylated peptide epoxysuccinate DCG-04 (1, Figure
2) represents a further example of an ABP that is derived from
a natural product, the irreversible cysteine protease inhibitor E-
64.30 The structure of this inhibitor, which contains the thiol-
reactive epoxysuccinate warhead, was modified by elaboration

Figure 8. Examples of two-step ABPP reagents: azide-functionalized ABPs 11 and 13, norbornene-modified ABP 15, rhodamine-alkyne 12, biotin-
phosphine 14, and BodipyTMR-tetrazine 16.
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of the peptide portion to allow incorporation of an affinity
tag.13

■ 1-STEP AND 2-STEP DETECTION STRATEGIES
The third common feature of all ABPs is a means to visualize,
isolate, identify, and/or quantify the labeled proteins. This can
be done, for example, using SDS-PAGE, microscopy, or mass
spectrometry analysis. The required functionality for this
detection can either be a reporter group that enables the direct
visualization and/or isolation of target enzymes (see Figure 1B)
or a small bioorthogonal “ligation handle”, that can be used to
introduce the tag after binding of the probe to a target enzyme
(see Figure 1C). Two-step labeling experiments are particularly
useful when the covalent attachment of a fluorescent group or
an affinity tag to an ABP interferes with the interaction between
the ABP and the enzyme. An inherent consequence of the
introduction of a tag can be that it reduces the resemblance a
probe may possess to an enzyme substrate. Furthermore, the
presence of a relatively bulky reporter group is not always
tolerated in the active site of an enzyme and the tag might also
render the ABP less cell-permeable or reduce its bioavailability.
Two-step ABPP strategies can solve these issues by allowing the
temporal separation of an ABP and a reporter group. A further
advantage as compared to direct ABPP is the option to use
different reporter groups depending on the experimental
settings and the desired method of analysis while using a
single ABP.
The introduction of a tag in two-step ABPP experiments is

achieved by reacting the ligation handle of the probe selectively
and efficiently with a second reactive group to which the tag is
attached. At the same time interference with any other
(biological) functionalities should be avoided. Therefore,
reactions are used which are commonly referred to as
bioorthogonal ligation reactions.31 A frequently used example
of a bioorthogonal ligation reaction is the copper(I)-catalyzed
[2 + 3] cycloaddition of an azide with an alkyne,32 a reaction
generally referred to as “click” reaction.33 Both of the reactive
moieties are small and can be incorporated into an ABP
without significantly affecting the properties of the probe. The

power of this strategy was first illustrated by the labeling of
enzymatic activity in cell extracts with azide-functionalized
sulfonate 11 followed by reaction with rhodamine-alkyne 12
and copper(I) as the catalyst (Figure 8).10 A second example of
a bioorthogonal ligation reaction is the Staudinger-Bertozzi
ligation, in which an azide is again used as a ligation handle. In
this case two-step labeling is achieved via selective reaction with
a phosphine reagent.34 This strategy has been applied to profile
the activity of the proteasome β-subunits by treating cultured
cells with an azide-modified proteasome inhibitor (13) and
labeling the target proteins after cell lysis with biotinylated
phosphine 14.35 More recently, selective two-step profiling of
enzymatic activity was achieved in living cells by means of the
inverse-electron-demand Diels−Alder reaction between 1,2,4,5-
tetrazine and norbornene, a bioorthogonal ligation reaction
originally developed by Devaraj et al.36 for the live-cell imaging
of cell surface receptors. This method was adapted for the
labeling of endogenous proteasome activity by making use of a
norbornene-modified epoxomicin derivative (15).37 Two-step
labeling of the catalytically active proteasome β-subunits was
accomplished by reaction with a number of fluorescently
labeled and biotin-tagged tetrazine reagents, for instance,
Bodipy-tetrazine 16.
In addition to the fact that the tetrazine ligation provides

excellent selectivity and fast reaction kinetics, the orthogonality
of the reagents with respect to those of other commonly used
ligation reactions opens up the possibility to perform multiple
ligation reactions concurrently in a single experiment. Such
tandem ligation strategies can be used to study various
enzymatic activities simultaneously. We have demonstrated
this aspect of two-step ABPP by labeling three enzymatic
activities with different tags in a single experiment via a triple
ligation procedure that involves the tetrazine ligation, the
copper(I)-catalyzed click reaction and the Staudinger-Bertozzi
ligation.37 In this strategy, each of the proteolytically active
proteasome β-subunits was targeted with an azide-, alkyne-, or
norbornene-functionalized ABP (Figure 9). Subsequently,
simultaneous labeling of the three subunits in the same sample
was accomplished by reaction with a fluorescently labeled

Figure 9. Triple bioorthogonal ligation strategy for simultaneous labeling of three different enzymatic activities. The three active proteasome β-
subunits were targeted by norbornene-, azide-, and alkyne-modified ABPs and subsequently labeled via tetrazine ligation, Staudinger-Bertozzi
ligation, and copper(I)-catalyzed click reaction, respectively.
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tetrazine and a biotinylated phosphine reagent, followed by
copper(I)-catalyzed click reaction with an azide-modified
Bodipy tag.

■ ABPP OF OTHER ENZYME CLASSES
Originally, the development of ABPs was mainly directed
toward a few classes of hydrolytic enzymes with well-defined
catalytic mechanisms, mainly serine hydrolases and cysteine/
threonine proteases.1a−c Novel ABPP strategies are increasingly
directed toward the development of ABPs that target other
enzyme families, often with different catalytic mechanisms or
low expression levels. Recent advances in the field of ABPP
include the development of specific ABPs for carbohydrate
processing enzymes,38 protein tyrosine phosphatases,39 mono-
oxygenases,40 and monoamine oxidases.41

One enzyme class that has remained somewhat resistant to
ABPP is that of the glycosidases despite at least a number of
glycosidases employing a mechanism involving a covalent
enzyme−substrate intermediate. The first ABPs for this class of
enzymes were developed by Vocadlo et al.42 and were based on
2-deoxy-2-fluoroglycosides, substrate mimics in which the
hydroxyl group next to the anomeric center has been
substituted with a fluorine. A drawback of these inhibitors,
though well suited for structural studies on transition states, is
that they bind in a reversible manner. Nonetheless it was shown
that the covalent intermediate formed between a number of
these ABPs and their respective target enzymes is sufficiently
stable to enable visualization of the labeled proteins on gel.43

With the aim to generate more potent glycosidase ABPs, we
developed another type of probe that is based on the
irreversible retaining β-glucosidase inhibitor cyclophellitol, as
described above (see Figure 7).27,29 In a comparative study the
cyclophellitol derivatives proved to be superior to 2-deoxy-2-
fluoroglucosides in terms of potency and labeling efficiency on
two retaining β-glucosidases.43 In a later study, we expanded
the cyclophellitol-toolkit by synthesizing differently configured
isomers of these cyclophellitol-based ABPs. This, for the first
time, has allowed the labeling of a mechanistically related class
of glycosidases, the retaining α-galactosidases.44 By changing
the configuration of the probes to that of an α-galactopyrano-
side, selective profiling of these enzymes was achieved, both the
recombinant enzyme as well as endogenous levels of α-
galactosidase activity in cell extracts.
Tyrosine phosphatases utilize an active site cysteine residue

for their catalytic activity, which in principle makes them
suitable candidates for ABP development. However, the
cysteine nucleophile appears to be less reactive toward
electrophiles than the active cysteine residues in proteases, so
that protonation of the leaving group oxygen of a substrate is
necessary to enable nucleophilic attack.45 Nonetheless, a
number of ABPs for this class of enzymes has been synthesized
that either directly form a covalent bond with an active site
residue39b or act as a suicide substrate.39a The cytochrome P450
family of monooxygenases does not contain a catalytically
active nucleophilic amino acid residue for direct targeting by an
ABP. The development of ABPs for these enzymes was
therefore guided by existing suicide inhibitors, which act via a
conceptually different mechanism than the quinone methides
described earlier.40 In these probes, a highly reactive ketene
group is generated upon oxidation of an aryl acetylene by a
target enzyme. The ketene intermediate then reacts with a
nearby nucleophilic amino acid residue to label the enzyme. A
similar design was used to generate specific ABPs for

monoamine oxidases.41 These probes contain an N-propargyl-
amine group that is oxidized by the enzyme to an iminium
cation. The resulting Michael acceptor then reacts with the
flavin cofactor to form a covalent adduct.

■ RECENT DEVELOPMENTS IN ABPP
Recent developments in ABPP have opened opportunities for
in vivo imaging and drug discovery. Comparative ABPP, for
example, can be used to identify new drug targets within a
specific enzyme class, and competitive ABPP can be used to
readily study the binding profile of new drug candidates in
complex lysates. Comparative ABPP is the use of ABPP to
compare the activity levels of an enzyme class (usually
measured with a broad spectrum inhibitor) between different
samples. This approach can be used to, for example, determine
whether specific enzyme activities are up- or down-regulated in
a specific disease state, such as a malignant transformation.1d

Combination of this approach with mass spectrometry allows
identification and quantification of newly up-regulated enzyme
activities, providing new targets for drug discovery.
Competitive ABPP46 is another application of ABPP that is

very powerful in the drug discovery process. Here, a broad
spectrum ABP is used to visualize a class of enzymes in, for
example, a cell lysate (e.g., all reactive cysteine thiol containing
enzymes16). Addition of a drug prior to ABP-addition will result
in reduced intensity of the signal coming from the target of the
drug while leaving the signal from those enzymes not
interacting with the drug intact. This allows the rapid
identification of both targets and off-targets in complex
mixtures in a single experiment (at least those off-targets
labeled by the ABP) without the need for isolating and/or
cloning the enzymes involved. This approach could be of great
benefit for streamlining drug discovery.
Until recently, the use of ABPP to profile enzymes in vivo

was difficult. All available probes were fluorescent even when
they were not bound to their target enzyme, and therefore the
signal of probes bound to an enzyme could not be visually
distinguished from unbound probe. Recently, two new
approaches have been reported that circumvent this problem.
In 2005, Blum et al. published a new approach in which a
fluorescent quencher group was introduced into the warhead of
a fluorescent cysteine protease probe, which resulted in a “dark”
protease ABP.9 Upon reaction with a cathepsin the quenching
group is hydrolyzed, resulting in a fluorescent ABP “lighting
up” upon covalent attachment to the enzyme. This strategy
allowed for in vivo imaging of cysteine cathepsin activity
associated with tumorsan important parameter relating to
tumor progression and metastasis. These first generation
probes were recently superseded by more stable probes for
cathepsins with broader enzyme specificity.47 The same group
also published a similar probe targeting the regulator-protease
legumain/AEP and used it to image its activity selectively in
vivo.48 This approach offers an exciting prospect for the
imaging of these, and other, enzymes in vivo.
A second new approach that allows the distinction of

unbound probe from bound probe is fluorescence polarization-
based profiling: FluoPol-ABPP.49 In this approach, the read-out
is not fluorescence (which remains identical throughout the
experiment), but the polarization of the fluorescent signal.
When a fluorophore is excited by a polarized light source, it will
emit partially polarized light. The amount of depolarization is
dependent on the rotation speed of the fluorophore. As most
fluorescent ABPs are small, their depolarization rate is high
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when they are not bound to a target enzyme. Upon binding a
(relatively large) target enzyme, the fluorescent ABP−enzyme
complex will depolarize the light much less than the unbound
ABP, resulting in a lower amount of depolarization. This
difference in (de)polarization properties can be measured on a
modified fluorescence plate reader in real time, opening up the
possibility for high throughput screening of ABP−enzyme
binding kinetics. It was first employed by Bachovchin et al. to
identify new inhibitors for the hydrolase RBBP9 from publically
available libraries: first, the enzyme was incubated with a series
of inhibitors, followed by the addition of a FluoPol-ABPP. If the
inhibitor bound to the substrate strongly enough to prevent
competition with the ABPP, no change in depolarization of the
probe was observed, whereas if a compound was not a hit a
large decrease in depolarization could be seen. This provides a
rapid route to measuring enzyme activity. It was used, for
example, to discover new inhibitors of protein arginine
methyltransferases by targeting the Fluo-Pol-ABP to the active
site cysteine of this enzyme followed by competitive ABPP.50

The approach is also compatible for use with membrane
proteins, which are notoriously difficult to work with. Wolf et
al. showed this potential by identifying β-lactones as a new class
of inhibitors of the E. coli rhomboid serine protease GlpG.51

Finally, Geurink et al. showed that this approach can also be
used for large protein-based ABPs. They quantified the binding
of active-site directed ubiquitin probes to various deubiquitinat-
ing enzymes and determined the kinetics of inhibition of these
ABPs.52 The sensitivity, ease of assay, and high throughput
nature of this approach will likely make it an important tool for
drug discovery in the future.

■ CONCLUSION AND FUTURE OUTLOOK

Over the past decades, the field of ABPP has developed into an
important technique for the profiling of a wide variety of
enzymatic activities. In this Topical Review we have given an
overview of the general design principles underlying ABP
development, often inspired by mechanism-based inhibitors.
For those enzymes that do not make use of an active site
nucleophile in their catalytic mechanism or that are not
susceptible to targeting by ABPs for another reason, the use of
affinity-based probes (AfBPs) can provide a valuable alternative.
Although these probes do not label their target proteins in an
activity-based manner, the careful design of a probe such that
binding is dependent on the integrity of the active site may
provide a means to monitor the functional state of an enzyme.
As the field of ABPP is gradually moving toward the targeting

of enzyme classes with different and sometimes poorly
understood catalytic mechanisms, tight substrate specificity,
and/or low expression levels, efforts are increasingly directed
more toward the development of novel strategies for the
activity-based profiling of such difficult to target enzymes.
Creative thinking and clever design of novel ABPs results in the
rapid expansion of the ABPP toolkit, both for the profiling of
specific enzymes as well as for the broad-spectrum profiling an
enzyme family. At the same time, the application of ABPP is
shifting from the mere labeling of a specific enzymatic activity
to the identification and characterization of new enzymatic
activities, the discovery of novel enzyme inhibitors, the in situ
and in vivo imaging of enzymatic activity, and the study of
enzymatic activity in relation to disease.
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