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The genomic revolution has created a wealth of information regarding the fundamental genetic code thatAbstract
defines the inner workings of a cell. However, it has become clear that analyzing genome sequences alone will
not lead to new therapies to fight human disease. Rather, an understanding of protein function within the context
of complex cellular networks will be required to facilitate the discovery of novel drug targets and, subsequently,
new therapies directed against them.

The past ten years has seen a dramatic increase in technologies that allow large-scale, systems-based methods
for analysis of global biological processes and disease states. In the field of proteomics, several well-established
methods persist as a means to resolve and analyze complex mixtures of proteins derived from cells and tissues.
However, the resolving power of these methods is often challenged by the diverse and dynamic nature of the
proteome. The field of activity-based proteomics, or chemical proteomics, has been established in an attempt to
focus proteomic efforts on subsets of physiologically important protein targets. This new approach to proteomics
is centered around the use of small molecules termed activity-based probes (ABPs) as a means to tag, enrich, and
isolate, distinct sets of proteins based on their enzymatic activity.

Chemical probes can be ‘tuned’ to react with defined enzymatic targets through the use of chemically reactive
warhead groups, fused to selective binding elements that control their overall specificity. As a result, ABPs
function as highly specific, mechanism-based reagents that provide a direct readout of enzymatic activity within
complex proteomes. Modification of protein targets by an ABP facilitates their purification and isolation, thereby
eliminating many of the confounding issues of dynamic range in protein abundance. In this review, we outline
recent advances in the field of chemical proteomics. Specifically, we highlight how this technology can be
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applied to advance the fields of biomarker discovery, in vivo imaging, and small molecule screening and drug
target discovery.

The completion of the sequencing of the human genome[1] 1. Proteomics – What Are the Tools?

generated much excitement because of the possibility that this
Perhaps the most commonly used proteomic method is two-

information would lead to the discovery of novel drug targets and, dimensional gel electrophoresis coupled to mass spectrometry
subsequently, new therapies to fight human disease. While access (2DE/MS).[2,3] This method relies on two-dimensional isoelectric

focusing/SDS- polyacrylamide gel electrophoresis (PAGE) gels toto complete genome sequences may directly result in the identifi-
separate complex protein mixtures. The greatest limitation forcation of disease markers in the form of polymorphisms in critical
2DE/MS methods is their lack of resolving power that prevents the

gene sequences, an understanding of the importance of a given
resolution and identification of low-abundance and membrane

gene in disease pathology requires a complete understanding of proteins.[4,5] Additionally, 2DE/MS methods are difficult and ex-
the function and regulation of its gene product. This simple fact pensive to adapt to large-scale, high-throughput analyses. Two

recent methods, isotope-coded affinity tagging (ICAT) and sur-significantly complicates our search for important new drug
face-enhanced laser desorption ionization time-of-flight (SELDI-targets, as the number of protein species comprising any given
TOF), have been developed to address the issues of protein abun-

proteome is estimated to be ten to a hundred times the number of
dance, dynamic range, and resolution.[6-9] These methods have

genes in the genome. Furthermore, this number increases expo- received much attention in the field of proteomics due to their
nentially once post-translational modifications are considered. ability to reduce complex proteomes to smaller, more tractable

mixtures that can be analyzed in great detail. However, both ofThis overwhelming complexity is the ‘Achilles heel’ of the field of
these methods make use of purification methods that are notproteomics, which strives to isolate, identify, and quantify all
dependent on protein function or enzyme activity, but rather onproteins in complex mixtures or ‘proteomes’. While impressive
overall protein abundance. Consequently, they provide large data

advances have been made in basic analytical techniques, the
sets that can only be used to infer relevance of a protein to a given

presently available proteomic methods have many limitations; process based on changes in its abundance.
new technologies are currently being developed to address these

2. Activity-Based Probes and Their Applicationslimitations.

The field of chemical- or activity-based proteomics has recent-
ly been established as a means to enhance our understanding of
global protein function. This technique uses small-molecule activ-
ity-based probes (ABPs) to profile enzymatic activities of a range
of related enzymes within a complex cellular environment. ABPs
are small molecules that covalently modify active enzymes
through reaction of a suitably designed ‘warhead’ group with key
catalytic residues of a target enzyme (figure 1). They can be used
to detect, isolate, and identify active enzymes of interest in a range
of samples including cells, tissues, and whole animals.[10-13] A
range of ABPs have been developed that target a number of key
enzyme families. A semi-comprehensive list is shown in table I.

3. What is an Activity-Based Probe?

Structurally, ABPs contain three elements (figure 1): (i) a
reactive group also referred to as the ‘warhead’; (ii) a linker region

Tag Linker Warhead

125I
Fluorophores

Biotin

Peptides
Alkyl

Cross linker

Epoxide
Vinyl Sulfates

AOMK
FPs

Hydroxamates

Fig. 1. General structure of an activity-based probe (ABP). ABPs are made
up of three primary components that can be classified as the tag, linker,
and warhead (reactive) elements. The key to developing an ABP relies on
the selection of an optimal warhead group that can form a covalent bond
through a mechanism-based reaction with an enzyme’s catalytic machin-
ery. The linker region serves as both a spacer between the tag and reac-
tive warhead but is also used to drive selectivity of probe binding. The tag
can take the form of a number of different reporters that can be analyzed
using a range of detection methods. Some examples of each of these
elements are listed (for a more complete description of these elements see
the review by Jeffery and Bogyo[10]). AOMK = acyloxymethyl ketones (pep-
tidal); FP = fluorophosphonate.
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Table I. The most commonly used activity-based probes grouped by target class. References with details of each probe or commercial sources from which

probes are available are provided

Biotin tags Fluorescent tags Radiolabels Hemmagglutanin (HA)

tags

Cysteine proteases

Cathepsins/calpains DCG-04[14] BODIPY-DCG-04[15] Cbz-Try-Ala-N2[16]

JPM-565, [17] JPM-OEt,[18]

LHVS-PhOH[18]

Cathepsin B NS-196[19] MB-074[18]

Caspases Biotin-X-VAD(OMe)-fmka SR-VAD-fmkb

Z-VK-X-(biotin)-D(OMe)-fmka FAM-VAD-fmkb

De-ubiquitinating enzymes HA-Ub-X, X = VS, Cl,

Br2, Br3, VME, VSPH,

VCN[20]

Arg-Gingipain BiRK[21]

Serine proteases

All hydrolyases FP-Biotin[22] FP-PEG-TRM, 3H-DFPc

-fluoroscein[23]

FP-PEG-Biotin[24] FP-fluoroscein[22]

Threonine proteases

The proteasome Epoxomicin biotin[25] NP-LLL-VSa

AdaLys(Bio)AhX3L3-VSa

Metalloproteases

Matrix metalloproteases HxBP-Rh[26]

Phosphatases

Protein tyrosine phosphatases α-bromobenzylphosphonate

(BPP) probes[27,28]

Multiple families

Aldehyde dehydrogenases, thiolase, Various sulfonate

NAD/NADP-dependent oxidoreductase, ester probes[12,29]

Enoyl CoA hydratase, epoxide hydrolyase

glutathione S-transferase

a Available from Calbiochem (San Diego, CA, USA).

b Available from Immunochemistry Technologies, LLC. (Bloomington, MN, USA).

c Available from New England Nuclear (Torrance, CA, USA).

CoA = coenzyme A; NAD = nicotinamide adenine dinucleotide; NADP = NAD phosphate.

that can be used to control specificity of the probe; and (iii) a tag the biggest challenges in developing activity-based chemical
used for identification or purification. probes is choosing a functional group that reacts preferably with

the enzyme of interest while exhibiting minimal indiscriminate3.1 The Reactive Group
bio-reactivity. As a result, warheads are designed to have interme-

The reactive group is perhaps the most significant and difficult
diate reactivity that can be controlled through the binding affinity

piece of the probe to design. It functions to covalently link the
of the probe for the target enzyme. Sulfonate esters,[29]

ABP to an amino acid residue in an enzyme’s active site. Further-
more, it must react only when the target enzyme is active. One of fluorophosphonates,[22] peptide acyloxymethyl ketones
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(AOMKs)[30] and epoxides[14] are examples of warheads that have 4. What Are the Targets of Activity-Based Probes?
been successfully incorporated into ABPs.

All probes differ in their lower limits of detection. AOMK’s Not surprisingly, activity-based protein profiling efforts have
and epoxides have been used to label the caspase and papain focused largely on serine and cysteine proteases and hydrolases.
families of the cysteine proteases while the fluorophosphonates These two enzyme classes have been the focus of extensive
and diphenylphosphonates have been used to target serine hydro- medicinal chemistry efforts and have lead to an abundance of
lases.[22,31] Recently, ABPs have been designed to target metal- potential mechanism-based reactive functional groups. Further-
loproteases by making use of the strong zinc-chelating hydroxa- more, these enzymes use a covalent attack mechanism resulting in
mate moiety attached to a photo-activated cross-linker warhead.[26] the formation of a transient acyl-enzyme intermediate between the
Finally, there have been several examples of masked warheads proteases and its protein substrate. Thus, simple tagging of a
that become activated by a target enzyme leading to their nonspe- covalent suicide substrate enables the conversion of an inhibitor
cific modification of nearby residues in the enzyme active site. into an ABP.
Such strategies have been employed to target purified proteases[32] The cysteine protease family is diverse and members of this
and phosphatases,[27,28] but have yet to be used in complex prote- family play an important role in the basic biological process, such
omes. as cell division,[34] cell death,[35] and antigen presentation.[36] Sev-

eral classes of ABPs have been designed to target a range of
cysteine protease targets.[14,16,18,37,38] A general peptide epoxide3.2 The Linker Region
probe based on the natural product E-64 has found widespread use
in studies of papain family proteases.[14] This probe has been use to

The linker region can be viewed as a bridge between the
define the functional roles of papain family proteases in processes

reactive group and the labeling tag. This probe element serves to
such as tumor progression,[39] angiogenesis,[39] cataract forma-

prevent steric hindrance by the tag that could inhibit the reactivity
tion,[40] pro-hormone processing,[41] malarial infections,[42] bacteri-

of the probe. In its most basic form, a linker can take the form of an
al growth,[43] and plant response to pathogens.[44] Furthermore,

extended alkyl or polyethylene glycol (PEG) spacer. Additionally,
probes based on the acyloxymethyl and fluoromethyl ketone have

the linker can serve as a specificity factor enabling targeting of the
been used to target other non-papain family proteases. These

probe to a specific enzyme or class of enzymes. For example, to
targets include the caspases[37,45] (involved in cell death) and

target proteases, this specificity region can be engineered to con-
separase[34] (a key player in the process of cell division). Extensive

tain peptide sequences. Such sequences can be easily modified to
use of these ABPs has lead to a greater understanding of the

drive specificity of the probe towards distinct sub-families of
function of these proteases in basic biological processes.

proteases.[33]

The serine hydrolase family is a large and functionally diverse
family comprising approximately 1% of the human genome and

3.3 The Tag Region includes numerous proteases, lipases, esterases, and amidases.[1,46]

Like the cysteine proteases, this family has been the focus of
numerous studies using ABPs. In particular, a generalThe tag allows the identification or purification of modified
fluorophosphonate (FP)-based probe has been designed that showsenzymes. Biotin, fluorescent small molecules, and radioactive
broad reactivity with this family of enzymes.[22] FP-biotin andisotopes are most commonly incorporated into ABPs as tags, and
related analogs have been applied to study the function of aall three can be used to visualize labeled proteins after SDS-
number of serine hydrolases including fatty acid amide hydrolasePAGE. Biotin tags are used for affinity purification of modified
(FAAH). Furthermore, due to their broad class-specific reactivity,enzymes and their subsequent identification through mass spec-
these probes have been used to profile serine hydrolases in a rangetrometry. For direct visualization of labeled targets, fluorescent
of cancer cell lines (see section 5).[47]and radiolabeled tags are often used. Fluorescent or radiolabeled

tags have an advantage over biotin as they have a higher dynamic Metalloproteases, like serine and cysteine protease, play a key
range and require less time and handling to generate data.[10] role in peptide hormone processing, tissue remodeling, and can-
Additionally, multiple fluorescent tags with non-overlapping exci- cer.[48-51] However, this protease family uses a tightly bound water
tation/emission spectra can be utilized to multiplex sample analy- molecule to initiate attack of substrate, thereby circumventing the
sis using gel-based methods.[15,23] acyl enzyme intermediate. As a result, the design of ABPs for this
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Fig. 2. Application of activity-based proteomics to biomarker discovery. Schematic of a workflow used to generate activity-based proteomic profiles. In this
example three tissue samples (A, B, and C) are used to generate three distinct proteomes. Labeling with an activity-based probe (ABP) followed by direct
analysis by SDS-PAGE provides general activity profiles. In this example the ABP reveals profiles of active enzymes in each sample that are unique, with
some enzymes showing identical activity in all three samples while others show increased or decreased activity relative to the other samples. If the labeled
probes contain an affinity tag, the labeled targets can be isolated by affinity chromatography. The resulting purified enzymes can then be digested to
produce peptide fragments, followed by labeling of the free amino termini with an isotopically labeled tag. Mixing of the samples followed by high-resolution
liquid chromatography/mass spectrometry (MS)/MS allows both the identity and relative abundance of the targets to be determined. When coupled
together, these methods allow rapid profiling of multiple proteomes by SDS-polyacrylamide gel electrophoresis (PAGE) to determine samples that contain
biomarkers of interest.

class of proteases is substantially more challenging. Recently, the highly conserved among all ATP-binding enzymes, thereby mak-
first demonstration of an ABP targeting metalloproteases was ing it difficult to tune the selectivity of a probe. As a result, the
reported.[26] This new class of ABPs contains a zinc-chelating only reported ABP developed to target kinases is 5′-
hydroxamate coupled to a peptide backbone containing a photo- fluorosulfonylbenzoyl adenosine[53] and the applications of this
cross-linking group. These probes can be used to selectively label reagent as an ABP have been limited. However, several covalent
metalloproteases after irradiation with UV light. Since the hydrox- inhibitors that target the epidermal growth factor receptor
amic acid group binds with high affinity, low probe concentrations (EGFR)[52] and phosphatidylinositol-3 (PI3) kinase families[54]

can be used allowing the photo-reactive group to modify exclu- have been developed. It is likely that these structures will be, or
sively proteases targets. While this is a big leap forward for already have been, used to generate effective kinase ABPs.
metalloprotease-specific probes, it still remains difficult to use The opposing effect of protein phosphorylation by kinases is
these probes in the context of live cells or whole animals. controlled by protein phosphatases. The study of the phosphatase

The human genome is thought to contain at least 500 protein family of enzymes would also benefit from development of ABPs.
kinases, all with a distinct function.[1,46] These enzymes play a Phosphatases make ideal targets for ABP design as their catalytic
critical role in almost all aspects of cell function and are attractive site includes a cysteine residue that acts as a nucleophilic thiolate
targets for functional proteomic strategies. The difficulty in the for attack of a substrate.[55] Previously, suicide substrates that
design of ABPs to target kinases lies in the lack of a sufficiently contain a masked electrophile have been used as probes for phos-
reactive nucleophile in the active site. Furthermore, most small phatases.[27,28] These reagents, while potentially exciting, have yet
molecule inhibitors of kinases are designed to bind in the con- to be confirmed as effective in the labeling of endogenous phos-
served ATP-binding pocket of the enzymes.[52] This pocket is phatases in biologically relevant samples. Additionally, the design

 2004 Adis Data Information BV. All rights reserved. Am J Pharmacogenomics 2004; 4 (6)



This material is
the copyright of the
original publisher.

Unauthorised copying
and distribution

is prohibited.

376 Berger et al.

soluble fractions of several tissues as well as several invasive
breast cancer lines.[12] In addition to labeling class I aldehyde
dehydrogenase (ALDH-1), these probe libraries labeled six mech-
anistically different enzyme classes that had not been previously
identified or characterized in activity-based studies. Such broad-
spectrum approaches are likely to increase the repertoire of availa-
ble profiling tools and broaden the applications for activity-based
proteomics.

5. Applications of Activity-Based Probes

The development of ABPs that target diverse enzyme families
has resulted in a wide range of applications for activity-based
proteomics. Highly class-specific probes can be applied to com-
plex proteomes from large collections of biological samples in
order to profile global changes in enzyme activity. Analysis of
these profiles from healthy and disease samples provides a means
to identify novel biomarkers (figure 2). Furthermore, in situ and in
vivo application of ABPs allows direct imaging of protease activi-
ty within the context of whole cells and even whole animals
(figure 3). Finally, direct tagging of enzyme targets provides a
means to both isolate novel targets and screen small molecules and
drug leads for selectivity and potency in biologically relevant
samples (figure 4). Each of these applications will be outlined
below.

5.1 Identification of Biomarkers for Human Disease

The completion of the human genome sequence and large-scale
sequencing projects aimed at the analysis of polymorphisms with-
in our genome has led to an intensification of interest in the
discovery of biomarkers for human disease. Clearly, analysis of
single nucleotide polymorphisms (SNPs) will provide a rapid
means of identifying many new disease markers. However, in
some cases alterations in cellular physiology leading to disease
will be reflected only at the level of changes in regulation of

Lysis and SDS-PAGE

Tissue extraction

(Probe) (Probe)

Lysis and SDS-PAGE

Imaging Imaging

Biochemistry Biochemistry

Tissue mount

In vivo labeling with 
fluorescent probe

In situ labeling with 
fluorescent probe

ba

Fig. 3. Methods for in situ and in vivo imaging of enzyme activity using an
activity-based probe (ABP). ABPs that freely penetrate cell membranes
can be used to profile enzyme activities in live cells as well as in whole
animals. (a) Intact cells are labeled by addition of a fluorescent ABP to the
culture media. Following incubation, the probe is removed and the cell
washed to reduce signal from unbound probe. Live cells can be imaged
using standard fluorescence microscopy to visualize the subcellular local-
ization of active enzymes (in this example using a green fluorophore). The
same cells can be collected, lysed, and analyzed by reducing SDS-poly-
acrylamide gel electrophoresis (PAGE). Probe-labeled enzymes are visual-
ized by scanning of the gel using a flatbed laser scanner. (b) A fluorescent
ABP is injected into the tail vein of a mouse. After a short incubation period,
tissue is collected from desired organs, mounted, and analyzed by fluores-
cence microscopy. Active proteases within the given tissue can be visual-
ized by the fluorescent signal (in this example using a red fluorescence).
Similarly to in situ experiments, tissues can be homogenized and analyzed
biochemically using reducing SDS-PAGE. The labeled enzyme can then
be visualized by laser scanning of the fluorescent gel. In both cases, ABPs
provide a facile method for microscopic imaging of active enzymes fol-
lowed by direct biochemical analysis of probe labeled targets.

enzyme function. In these cases, tools such as ABPs will be
of cell-permeable probes for phosphatases is likely to be difficult required to identify the relevant players.
due to the need for a highly charged phosphate mimetic. Not surprisingly, some of the first attempts at global profiling

In addition to all the directed proteomic profiling strategies of enzyme activity in disease-associated tissues and cells have
outlined above, nondirected probes have been developed to target focused on cancer. The general serine hydrolase reactive probe
multiple enzyme classes concurrently.[12] Typically, nondirected FP-Biotin has been used to profile the activity of serine hydrolases
probes are identified by screening libraries of small-molecule in part of the set of NCI-60 melanoma and breast cancer cell
scaffolds linked to a reactive warhead. These initial screening lines.[47] This fluorescently labeled ABP was used to rapidly
efforts identify probes with optimal labeling properties in complex generate profiles of serine hydrolases by simple SDS-PAGE anal-
proteomes. Inhibitor libraries containing mixed sulfonate ester ysis followed by isolation and identification of labeled enzymes.
reactive groups have been used to screen both insoluble and The resulting labeling profiles allowed cancer cell lines to be
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classified into melanoma, breast, or invasive cancer cell clusters MUM-2B. In addition, the similarity in urokinase activity (an
established serine protease biomarker for cancer progression inbased on their levels of active serine hydrolases. This study
vivo[57]) in the cell lines NCI/ADR, MDA-MD-231, anddemonstrates the potential power of activity profiles and shows
MUM-2B, despite drastic differences in transcript levels for thethat a limited dataset based on activity levels can provide enough
urokinase gene in these cell lines, was also unexpected.information to allow correct classification of cell lines. Interesting-

This result highlights a key point that most enzymes are con-ly, the estrogen receptor-negative (ER–) breast cancer line MDA-
trolled at some level by post-translational events that would not beMB-435 was the only cell line that failed to cluster based on its
reflected in their expression profiles. Finally, activity-based profil-classification, showing greater similarity to melanoma lines.[47]

ing results identified several enzyme targets including the mem-This finding was in agreement with previous gene expression-
brane-associated serine hydrolase, KIAA1363, that were stronglybased profiling experiments, further suggesting that the cell line
up-regulated in MUM-2B and the invasive breast carcinoma cellhas been misclassified.[56] Intriguingly, in the majority of melano-
line MDA-MB-231.[47] The identification of these potentiallyma cell lines, several serine hydrolases showed increased activity
promising enzymes targets suggest that activity-based profiling is

measured by ABP labeling, but the same hydrolases showed
an effective method for biomarker discovery.

decreased activity in the highly invasive melanoma cell line
In another example of activity-based profiling, a recently devel-

oped ABP for metalloproteases, HxBP-Rh, was used to profile
metalloprotease activities in invasive melanoma cell lines.[26]

Neprilysin, a membrane-associated metalloprotease previously
shown to be highly up-regulated in melanoma cell lines,[58] was
also identified using activity-based profiling. Importantly, the
labeling of neprilysin by HxBP-Rh was potently inhibited by
ilomostat (GM6001), a matrix metalloprotease (MMP) inhibitor
currently in clinical development.[48,59-61] These data highlight the
utility of ABPs for identification of drug ‘off-targets’ and suggest
that ilomostat has potent inhibitory effects on metalloproteases
outside the MMP family that could lead to unanticipated toxicity
in vivo.

In addition to the use of direct probes to profile defined enzyme
classes in complex proteomes, nondirected probes also show
promise for the identification of biomarkers of human disease.
Broad spectrum probes based on the reactive sulfonate ester war-
head have been applied to profile a number of tissues and cells
lines.[12,29] These probes modify a wide range of mechanistically
distinct enzymes, thereby providing a larger dataset when used for
profiling complex proteomes. Initial efforts using the sulfonate
ester probes yielded several enzymes whose activity appeared to
be altered in cancer cells. Of particular interest was the identifica-
tion of omega glutathione S-transferase (GST0-1) as being up-
regulated in its activity in ER– breast cancer cell lines. This protein
was not previously associated with invasive breast cancers, sug-
gesting that it may serve as a novel biomarker and further efforts to
characterize its function should be considered. Taken together, the
initial forays into activity-based profiling using both directed and
nondirected probes may lead to the identification of useful bi-
omarkers for diagnostic purposes and provide preliminary valida-
tion of potential new drug targets.

Lyse

+ Inhibitor

+ Probe

Direct labeling
(target identification)
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(selectivity and potency screening)

+ Probe
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(Inhibitor)(Probe)

Tissue Cell

SDS-PAGE
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C
D
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B
C
D

Lyse

ba

Fig. 4. Applications for activity-based probes (ABP) in drug discovery. (a)
ABPs can be used to directly label total cellular lysates from cells or tissues
from disease and normal samples. The resulting profiles can be used to
select potentially interesting enzyme targets for further validation. (b) Sam-
ples can likewise be treated first with an inhibitor or drug lead and then
labeled with an ABP. When the inhibitor binds to its enzyme target it blocks
labeling of the active site by the ABP. This is visualized by probe labeling
followed by SDS-polyacrylamide gel electrophoresis (PAGE) analysis. The
resulting competition profile provides information regarding both selectivity
towards a set of targets and also potency of the lead compound. While this
example is based on in vitro labeling of cells and tissue extracts, a similar
workflow can be used for in vivo drug selectivity profiling.
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5.2 In Vivo Imaging of Enzyme Activities injected into a mouse and allowed to circulate for several hours.
Subsequently, tissue was collected from the pancreas and protease
activity visualized by fluorescence microscopy. After imaging thePerhaps the greatest challenge for those attempting to define
tissue, tissue lysis followed by SDS-PAGE analysis provided anprotein function is the need to assess how a given enzyme is
activity profile that revealed the identity and relative activityregulated in the context of its native cellular environment. In
levels of probe modified proteases that produced the fluorescentaddition to post-translational modifications and interactions with
images. Furthermore, a similar in vivo labeling experiment wasco-factors or inhibitors, most enzymes are regulated by their
performed in animals that had been treated with an inhibitor oflocalization and temporal expression within a cell or tissue. Thus,
cysteine proteases.[39] The imaging and biochemical analysis pro-cellular and whole-body imaging methods will be required to
vided a direct readout of the efficacy, potency, and biodistributionassess where and when an enzyme functions. Several approaches
of the inhibitor. Clearly, this application of ABP-mediated in vivohave been taken to develop cell-based and non-invasive imaging
imaging has the potential to dramatically improve the processmethods. The first steps towards this goal have focused on reporter
through which drug leads are evaluated in animal model studies.substrates that produce a fluorescent signal when processed by an

While an ABP-directed approach to in vivo imaging has itsenzyme (for review see Baruch et al.[62]). The second method
advantages, there are several limitations. First and foremost, it ismakes use of fluorescently labeled ABPs that directly tag the
unclear how much enzyme activity will be required for high-active enzymes in vivo.
contrast non-invasive imaging. The difficulty lies in the fact that,Several classes of reporters have been developed to image
unlike a substrate-based approach, there is no amplification ofenzyme activity. These imaging tools rely on fluorescent, near
signal as a result of enzyme turnover. This means that a singleinfrared (NIR) fluorescent, and bioluminescent tags to produce a
enzyme molecule is modified by a single probe molecule and thesignal. Several types of fluorescent reporter substrates can be used
signal is directly dependent on the amount of active enzymeto image a range of enzyme activities in vivo.[62] All fluorescent
present. In many cases this level may be below the limits ofsubstrate-based probes must be designed to produce a signal only
detection of optical imaging detectors. In addition, some ABPs areafter being processed by an enzyme target. Strategies to produce
not ideal for in vivo imaging because they are large molecules thatactivity-dependent signals include peptide-bound fluorophores
contain bulky tags unable to cross the cell membrane. To addressthat are fluorescent only after release from the peptide,[63] and
this issue, ABP’s that lack a bulky tag have been developed.[67-69]fluorphores in which the signal results from the loss of proximity
These reagents make use of a specific chemical ‘handle’ that canto a quenching group as a result of enzymatic processing.[64-66] A
be covalently tagged using chemistry that takes place after thethird type of reporter strategy uses fluorescence resonance energy
lysis of a tissue or cell. Thus, the surrogate tag is small and doestransfer (FRET); FRET can be disrupted by the processing of the
not block the probes cellular access, yet it still provides a means tosubstrate by the target enzyme. Such FRET-based reporters have
tag and isolate targets. Such probes have been used to generatebeen designed for several classes of enzymes.[62] While all of these
activity profiles in whole cells as well as after in vivo labeling inmethods have shown promise in the in vivo and in situ imaging of
whole animals. As yet, there have been no reported efforts to linkenzymes, they are limited by the selectivity of the substrate for the
ABPs to image contrasting reagents for use in moleculartarget enzyme. Furthermore, it remains difficult to link the signal
resonance imaging (MRI), most likely due to the necessity of highfrom a reporter back to the enzyme responsible for producing it,
reagent concentrations for these imaging techniques.thereby confounding interpretation of data.

ABPs have the potential to circumvent some of the problems
associated with substrate-based imaging. Since ABPs directly 5.3 Small Molecule Screening and Target Discovery
modify an enzyme target through formation of a covalent bond,
any signal observed in a whole cell or organism can be traced back Currently, nearly 500 proteins have been validated as drug
to the enzyme by direct biochemical analysis (figure 3). ABPs that targets, yet only 122 have been targeted by orally bioavailable
target cysteine proteases have been applied to visualize protease small molecule inhibitors.[70,71] About half of all known drug target
activity in intact cells.[15] families are enzymes that are amenable to chemical probe devel-

Taking this approach one step further, these probes have been opment; this number will grow as the number of targets continue
used for in vivo imaging studies in a mouse model for pancreatic to increase.[10] The protease family, specifically, makes up about
cancer.[39] In this study a fluorescent ABP was intravenously 1–2% of the human genome. The cysteine family of proteases
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likely contains additional drug targets yet to be identified.[11] crude proteomes without the need to express and purify all related
Likewise, the serine hydrolase family comprises approximately enzyme family members. As a result, the screen provides informa-
1% of the human genome and contains an extensive number of tion on both the potency and selectivity of a small molecule
poorly validated targets that could be explored with chemical inhibitor within the true cellular environment.
probes.[1,46] Additionally, activity-based proteomics technology Using this approach, ABPs have been used to identify a number
has recently demonstrated success in targeting kinases, phospha- of novel protease inhibitors for use in biological studies of prote-
tases, and metalloproteases.[26-28,72] ase function.[15,42] Furthermore, competition screens of diverse

libraries of inhibitors provide so-called ‘affinity fingerprints’ thatThe discovery of new drugs is a lengthy process that starts with
can be used to catalog closely related enzymes based on theirthe validation of a protein target and requires optimization of the
inhibitor binding properties.[33] Similar screens have been per-drug lead for properties including potency, selectivity, toxicity,
formed using a general serine hydrolase probe.[73] These studiesadsorption, biodistribution, and metabolism. There are several
show that competition-based assays can be used to identify bothpoints in this process where ABPs are likely to have a significant
reversible and irreversible inhibitors from large and small librariesimpact. At the earliest stage of the discovery process, a target must
of compounds.be identified and then validated before any costly chemistry efforts

The late stages of the drug discovery process are often the mostare expended. ABPs provide a means of identifying enzyme
difficult and costly. This is the stage of the process when leadtargets through direct labeling in crude proteomes (figure 4a).
compounds are selected for initial animal studies to determineUsing techniques described earlier in this review, potential targets
their general toxicity and pharmacodynamic properties. ABPs alsocan be selected based on the correlation of activities with a given
afford the possibility to advance late-stage studies in animals asdisease pathology. ABPs can then be used to perform detailed
they can be used for in vivo competition and in vivo imagingbiochemical and cell biological assays to validate their roles in
studies that provide vital information regarding the specificity anddisease progression. ABPs could also replace DNA sequencing as
potency of the drug lead in the context of a whole animal. Leadthe preferred method for identifying constitutive activation. For
candidates that show unfavorable side effects can then be screenedexample, several heterozygous activating mutations in EGFR have
for cross-reactivity with related enzyme targets that may havebeen identified in patients with non-small cell lung cancers
been absent from initial in vitro screening efforts. Such informa-(NSCLCs).[72] The mutations were identified through sequencing
tion provides a method of rapid triage of compounds that are likelythe EGFR gene in patients with a dramatic clinical response to the
to perform poorly in costly, late-stage clinical trials. Thus, atdrug gefitinib. An effective ABP targeting EGFR would provide a
multiple points, activity-based profiling can significantly stream-direct readout of kinase activity and, therefore, could replace
line the drug discovery process.sequencing methods for identifying patients with constitutive acti-

vation of this enzyme.

On validation of a target, the first rounds of inhibitor screening 6. Future Directions
can begin. Typically, screens are established using substrate-based
assays that rely on purified enzymes (usually from a recombinant With the potential applications for activity-based proteomics
protein source). These high throughput screens require the ability now firmly established, the focus must now shift towards further
to express or purify the enzyme target in a form that is capable of improving the technology. The next major advance will be to
processing an optimal reporter substrate. These assays, while couple activity-based profiling methods to gel-free analytical tech-
robust, often only poorly recapitulate the biological process that niques that make use of mass spectrometry for the direct identifi-
the enzyme catalyzes. Furthermore, in vitro assays provide only cation of targets and quantification of their activities. Furthermore,
limited information regarding in vivo potency and selectivity of a new analytical methods will be required to enable high-throughput
given inhibitor. To address these problems, ABPs have been used competition assays to be performed on medium to large libraries of
to develop small molecule inhibitor screens.[33,73] These screens compounds using small quantities of biological samples. Such
make use of a labeled probe to compete with small molecule methods will also enable extensive activity-based profiling of
inhibitors for binding in the enzyme active site (figure 4b). This large sets of clinically relevant tissue samples for identification of
type of assay can be performed on large sets of enzymes without biomarkers. Finally, there is a need to further expand the set of
the need to optimize the assay for each enzyme. Furthermore, and available probes so that we can begin to analyze a larger comple-
perhaps most importantly, this type of screen can be carried out in ment of enzyme families. Currently, the number of enzyme classes
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