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Activity-based proteomics: enzyme chemistry redux

John W Kozarich

The principles of enzyme chemistry, mechanism of action and
inhibitor design are being applied to proteomics by the
development of activity-based probes. This approach suggests
a potentially broad method for interrogating enzyme family
members, both known and unknown, in cells and proteomic
fractions without the need for individual assay development and
isolation. The serine hydrolases and cysteine proteases have
provided the proofs of concept for activity-based proteomics,
and other studies are rapidly following. The result will be a
proteomics technology of great value to drug discovery and
development.
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Abbreviation
ABP activity-based proteomics

Introduction

With the human genome essentially complete [1,2],
increasing attention has been focused on the proteome
—the unique subset of genomically encoded proteins
and their post-translational variants that is present in
specific tissues and cells under specific physiological
conditions [3]. While all cells of an organism are defined
by the same genome, the prospect of thousands of
unique proteomes defining the functional nuances of
these cells adds a nightmarish dimension to complexity
of proteomic analysis. Because >100 000 proteins are
expected from the genome and millions of protein—
protein interactions are possible in protein complexes
and networks [4-7], fractionating the proteome into
manageable and physiologically relevant subsets is cri-
tical. Moreover, the lack of a consistent correlation
between individual mRNA abundance and protein
levels does not permit an easy extrapolation from gene
expression data [8,9].

Many methods for fractionating of the proteome are
possible (e.g. by chromatographic properties —hydro-
phobicity, isoelectric point, molecular weight — by

subcellular organelle isolation, or by isolations of multi-
protein complexes) [10,11]. Although these approaches
have value, they do not, in general, fractionate proteins
on the basis of common biochemical functions. This
review analyzes the recent advances in activity-based
proteomics, an approach whose goal is to fractionate the
proteome into families of proteins that are united by
common mechanistic functions in their active form. Since
many of these functional families of proteins are the
subjects of intense drug-discovery research by the phar-
maceutical industry, we argue that this approach to pro-
teomic simplification has the greatest potential to
effectively integrate proteomics into the drug discovery
and development process.

Importance of activity-based proteomics

The establishment of proteomics as a high-value compo-
nent of drug discovery and development has been pro-
blematic. The simple reason for this is that proteomics
researchers have focused on the analytical methodology of
cataloging proteins and measuring their abundance while
pharmaceutical researchers need information of the func-
tional relationships of proteins. This proteomics/pharma-
ceutical disconnect is understandable because proteomics
evolved as an important discipline grounded in the devel-
opment of sensitive analytical methods to separate, quan-
tify and identify proteins. Thus, two-dimensional gel
electrophoresis/mass spectrometry emerged as the gold
standard of the first-generation of proteomic efforts,
although limitations are apparent [11-15]. Drug discovery
and development, on the other hand, is a functional
science; drugs are designed largely to modulate protein
function and, in many cases, the absolute abundance of
a particular protein target is a secondary issue. The
pharmaceutical researcher ideally desires a broad assess-
ment of protein function from the standpoint of func-
tionally related proteins (target discovery) and of the
effects of drug leads on the target protein and function-
ally related proteins (drug selectivity). The ability to
effectively deliver this type of information should be a
major goal of any pharmaceutically integrated proteo-
mics effort [16].

Activity-based proteomics (ABP) has emerged as a com-
pelling approach to address the functional shortfall on
other proteomics methods and constitutes a major strat-
egy for functional proteomics [17°,18]. The hypothesis
underlying ABP is tantalizingly simple: design a specific
chemical reagent that has the ability to recognize a
conserved catalytic/functional/structural motif in a
family of active proteins, to react with the target proteins
in a covalent manner based on its conserved motif and to
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quantify the amount of each active protein. A series of
chemical probes would permit a selective fractionation
of a proteome on the basis of functional relatedness of
proteins (Figure 1). The covalently tagged proteins
could then be captured, quantified and identified by
chromatographic, electrophoretic and mass spectro-
metric techniques. Thus, one could conceivably identify
all of the active proteins of pharmaceutically important
families such as serine hydrolases, kinases and phospha-
tases. In addition, a well-designed probe could, in prin-
ciple, permit identification of novel family members
that have eluded functional annotation by computa-
tional search algorithms because of low sequence homo-
logies. Finally, the same probe would be useful across
species since such motifs tend to be conserved in other
organisms.

At first glance, the direct application of ABP to enzymes is
obvious. Enzymes make and break chemical bonds as part
of their function and contain conserved catalytic motifs
that should be accessible by chemical probes. In addition,
the use of chemical tools as a means to understand
enzymes has been a mainstay of the field for more than
half a century. Much of that research focused on design-
ing highly selective chemical probes to understand the
function and structure of a specific protein. The challenge
for use of chemical tools in the setting of the proteome is
to synthetically generalize the structure of the chemical
probe so that is identifies potentially hundreds of family
member instead of just one.

Proofs-of-concepts for ABP

T'he serine and cysteine hydrolases have provided ideal
platforms for proof-of-concept studies. Both classes effect
catalysis by the transient formation of a covalent enzyme—
substrate complex with an active site serine or cysteine
that is a reactive nucleophile susceptible to electrophilic
labeling by a chemical probe. In addition, the active site
architecture is highly conserved across the family with
respect to the catalytic center. The fluorophosphonate
probe (Figure 2) for serine hydrolases (FP-biotin) pio-
neered by the Cravatt laboratory is a remarkable example
of a near-perfect chemical probe for activity-based pro-
teomics [19]. The fluorophosphonate group is an electro-
philic group that has demonstrated high selectivity for the
activated serine in many serine hydrolases, resulting in
covalent phosphonylation of this serine. The linker
region is designed to provide appropriate spacing for
the biotin to permit unencumbered access to the active
site of the functionally diverse members of the family.
Variation of the linker group is useful in minimizing
hydrophobic interactions found in straight-chain alkyl
linkers. The biotin is useful for visualization and capture
of covalently labeled proteins by standard avidin-based
methods. There is nothing structurally obvious about
FP-biotin that would suggest any selectivity for a specific
member of the serine hydrolase family, which spans
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Principles of activity-based proteomics. (a) Fractionating the proteome
into simple and useful subsets is a goal of many proteomic
technologies. The underlying principle of activity-based proteomics is
the design of chemical probes that recognize a broadly conserved
functional motif in a family of active proteins and then covalently tag
those proteins for subsequent detection and identification. Chemical
probes that can fractionate the proteome into functional families of high
pharmaceutical impact, such as the families shown, are highly
desirable. The probes are derived from synthetic small-molecule
inhibitors, natural products and endogenous substrates. Ultimately they
may accelerate the target discovery from the ~400 known drug targets
to the speculated thousands that may exist. (b) The chemical probes
are generally designed to contain an electrophilic group (X) that is
positioned to react with a conserved nucleophilic amino acid residue
(Nu:) that is important for family function and/or binding of the active
proteins. The probe also contains a fluorescent group or capture group,
such as biotin, that is attached to the electrophilic recognition group via
a linker. The covalently labeled target may be analyzed by gel
electrophoresis and the fluorescent proteins visualized and quantified.
Since inhibitors and drugs against specific proteins usually bind to the
same site that the chemical probes bind to, kinetic competition with the
inhibitor will result in a decrease in probe binding as evidenced by a
decrease in fluorescence in the appropriate protein band (see arrows).
Other protein family members showing a decrease in probe binding
signify off-target binding activity of the inhibitor.

at least 1000 proteins including proteases, amidases,
esterases and lipases. Indeed, it is the relatively weak
non-covalent recognition of the probe for serine hydro-
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Prototypic probe structures for serine hydrolases and cysteine proteases. FP-alkyl-biotin, FP-alkyl-TMR and FP-peg-TMR have been extensively
studied as probes for analyzing serine hydrolases in complex proteomes. E-64 is a natural peptide epoxide that inhibits most cysteine proteases by
alkylation of the catalytic cysteine and has served as the model for other epoxide-based chemical probes. The vinyl sulfone LHVS and the
diazoketone Z-YA-CHN2 are synthetic probes using alternative electrophiles to covalently label cysteine proteases.

lases in general that ensures broad family coverage by the
probe. The substitution of biotin with a fluorescent group
as well as trifunctional probes incorporating both moieties
are proving useful for direct visualization and quantifica-
tion of active proteins, as well as capture of tagged proteins
[20°,21]. Bogyo and co-workers [22°] have successfully
explored a similar design approach using epoxide electro-
philes (Figure 2) for profiling cysteine proteases.

Given the sheer size and diversity of the serine hydrolase
family and the pivotal role these enzymes play in devel-
opmental, physiological and disease processes, the family
has provided a rich environment for highlighting the
power of activity-based profiling. Using FP-biotin, Cravatt
and co-workers [19] demonstrated both tissue and expres-
sion level changes of serine hydrolases in soluble rat
proteomes of liver, brain, testis and prostate. Consistent
with the requirement for an accessible and activated
serine for probe reactivity, either the inclusion of a serine

protease inhibitory protein to occlude the active site or
heat denaturation resulted in loss of covalent labeling.
In addition, the identification of novel hydrolases was
observed, such as potential functional (not necessarily
high sequence-related) orthologues of human prostate
specific antigen (PSA) in the rat prostate.

The issues of probe kinetics and of linker structure to
modulate probe reactivity and the competition between
the probe and a reversible enzyme inhibitor have also been
explored by the Cravatt group [23°°]. Using FP-biotin and
the corresponding FP-peg-biotin (Figure 2) containing
the more hydrophilic poly(ethylene glycol) linker, it was
demonstrated that the ability to detect competition
between the probe and a reversible serine hydrolase
inhibitor, a triluoromethylketone, was directly affected
by the rate of probe binding. This is entirely consistent
with the kinetics of competition between an irreversible
inhibitor (the probe) and a reversible one (the trifluor-
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omethylketone): optimal competition is observed in the
linear kinetic regime for the irreversible probe. In addi-
tion, the inhibition of probe labeling could be observed in
multiple serine hydrolases by the putatively specific
trifluoromethylketone. This observation has great poten-
tial for drug selectivity analysis. Since probes are designed
to target sites that drugs are also designed to bind to, the
pan-substrate properties of the probes can be used to
broadly interrogate drugs for specific protein family mem-

Figure 3
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bers against the proteomic repertory of all family mem-
bers present in a proteome under appropriate Kinetic
conditions. The opportunities for exploiting this phenom-
enon to determine off-target potential of drug candidates
is enormous.

Recent elegant work from the Cravatt laboratory has
attempted to integrate ABP profiling with cluster analysis
methodologies to establish correlates to pathogenicity of
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Non-directed activity-based probe strategy in proteomic profiling. Design of probes that explore combinations of electrophilic groups and recognition
elements to access protein families has been nicely exploited by Cravatt and Sorensen [29°°,30°°]. They prepared a small library of sulfonate esters
that would be susceptible to displacement by an enzyme nucleophile (:Nuc) resulting in covalent attachment of the linker and fluorescent group to the
protein. A series of hydrophobic groups (R) was used to explore any proteomic recognition by the corresponding sulfonate esters. Analysis of the
individual probes in proteomes by gel electrophoresis reveals kinetic and specificity differences among the probes and individual proteins.
Identification of proteins tagged by specific probes can suggest underlying functional protein motifs that may be interrogated family-wide by a probe
of specific structure. Thus, the probes were evaluated for utility by their behavior in proteomes of interest. The fluorescent gel is of the soluble heart
proteome and is reproduced courtesy of Nature Biotechnology with permission [30°°].
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various breast and melanoma cells lines [24°°]. They were
able to demonstrate subtypes of these cell lines based on
higher-order cellular properties such as tissue of origin
and state of invasiveness, clustered significantly on the
basis of secreted and membrane serine hydrolases but not
cytosolic family members. Thus, the potential to derive
meaningful diagnostic and prognostic markers from ABP
profiling is high.

The application of ABP to the important, albeit smaller,
family of cysteine proteases, such as the cathepsins, has
been the focus of important studies from the Bogyo
group. In an extension of the earlier work of Bogyo and
Ploegh in the proteasome, a series of radiolabeled and
biotinylated vinyl sulfone and epoxide substrate analogs
were shown to target lysosomal cysteine proteases, such as
cathepsins B, L. and S [22°25]. Selective probes for
cathepsin B revealed significant increases in this enzyme
in metastatic tumors. Inhibitor specificity was also studied
using the competition approach discussed above. Recently,
these studies have expanded to include fluorescently
labeled probes, a more comprehensive analysis of other
cathepsin family members and the analysis of posi-
tional scanning libraries of epoxide inhibitors to optimize
cathepsin B inhibition in rat proteome lysates [26°°,27°°].
Opverall, this work clearly demonstrates the utility of ABP
in the cysteine hydrolase family.

A recent technological variation has been reported using
selective cysteine protease probes that are individually
coded via tethering to a peptide nucleic acid sequence
[28°]. Capture of the protein—probe complexes can be
effected on an oligonucleotide microarray containing
complementary oligonucleotide sequences, thus permit-
ting spatial identification and quantification of individual
family members. Because the optimal exploitation of the
array requires many probes of high selectivity for indivi-
dual proteins, the approach seems problematic for broadly
reactive probes, such as the fluorophosphonates for serine
hydrolases that can label many family members in a single
sample. Other capture and separation methods will be
more useful for these types of probes.

Non-directed strategies for probe design

While the design of the serine and cysteine hydrolase
probes were founded in specific knowledge of the types of
family-based inhibitors that could translate into useful
activity-based probes, non-directed strategies for captur-
ing less predictable protein families have been beautifully
exploited by Cravatt and Sorensen [29°°]. They prepared
a small library of biotinylated sulfonate esters from the
corresponding aryl and alkylsulfonyl chlorides (Figure 3).
Thus, the binding effects of the aryl and alkyl substituent
could be evaluated in protcomes to establish individual
probe utility. They found that a pyridylsulfonate probe
effected an activity-based labeling of a class I aldehyde
dehydrogenase. Recent work using rhodamine-tagged

sulfonate esters for protein detection in conjunction with
the biotinylated analogs have resulted in several additional
protein families reacting with this library, including thio-
lases, aldehyde dehydrogenases, NAD/NADP-dependent
oxidoreductases, enoyl CoA hydratases, epoxide hydro-
lases and glutathione S-transferases [30°°]. Although it is
unclear whether these enzymes share some common struc-
tural or functional motif, they are united by the occurrence
of probe-susceptible amino acid nucleophiles, such as
cysteine and aspartate, in the active site, which may be
the target of these sulfonate esters. Significantly, these
enzymes had not been previously identified by other
activity-based probes, suggesting that the non-directed
approach has considerable potential to interrogate new
regions of proteomic space.

Future directions

The promising work discussed above has stimulated efforts
in several laboratories to develop probes for other enzyme
families. Recent creative strategies in probe design for the
deubiquitinating enzymes and for the receptor tyrosine
phosphatases have been reported [31°°,32,33,34°]. In addi-
tion, numerous unpublished reports of progress in the
development of probes for kinases and other nucleotide-
dependent proteins [35,36] and metalloproteinases suggest
that the approach has many avenues left to explore.
Indeed, the current focus on enzymes for obvious mechan-
istic reasons may obscure a broader vision for the use of
such probes in other protein families where small molecule
interactions are functionally important, such as receptors
and ion channels. The strategy may ultimately be limited
only by the creativity of probe design.
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