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Abstract: Recent advances in global genomic and proteomic methods have lead to a greater understanding of how genes 
and proteins function in complex networks within a cell. One of the major limitations in these methodologies is their in-
ability to provide information on the dynamic, post-translational regulation of enzymatic proteins. In particular proteases 
are often synthesized as inactive zymogens that need to be activated in order to carry out specific biological processes. 
Thus, methods that allow direct monitoring of protease activity in the context of a living cell or whole animal will be re-
quired to begin to understand the systems-wide functional roles of proteases. In this review, we discuss the development 
and applications of activity based probes (ABPs) to study proteases and their role in pathological processes. Specifically 
we focus on application of this technique for biomarker discovery, in vivo imaging and drug screening.  
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1. INTRODUCTION 

 Almost 300 complete genome sequences have been pub-
lished in the last five years and more than 1000 eukaryotic 
and prokaryotic sequencing projects are currently underway 
[1]. While raw sequence data is highly informative it often 
fails to provide insight into the functional roles of specific 
gene products. Furthermore, differences in splicing and post-
translational modifications of a single gene can give rise to a 
variety of products leading to a high degree of complexity. 
For example it is thought that the 40,000 human genes can 
generate greater than 1 million distinguishable functional 
protein entities. To begin to address this complexity the field 
of proteomics was established with the important goal of 
analyzing the functional regulation of all proteins in a given 
proteome.  
 Over the past 20 years the field of proteomics has seen 
many advances in technology, specifically this area of re-
search has flourished with the advent of user-friendly and 
affordable mass spectrometers. Interestingly, one of the most 
commonly used proteomics methods remains one that was 
developed in the early days of the field, namely two dimen-
sional gel chromatography coupled to mass spectrometry 
(2D/MS). Historically, 2D gel chromatography has been the 
separation method of choice for resolving complex protein 
mixtures as it can be performed easily without the need for 
extensive expertise or special equipment. However, this ana-
lytical method has its limitations. It is not suitable for deter-
mination of extremely large or small proteins, very basic or 
acidic proteins and membrane proteins. It also has limited 
ability to detect low abundance proteins and has limited 
quantification capabilities. To resolve some of these critical  
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issues, additional approaches such as SELDI (solid phase 
laser induced ionization) [2] and MudPIT (multidimensional 
protein identification technique) [3] have been developed. 
Both of these methods utilize protein separation with various 
chromatographic resins prior to MS analysis. Separation can 
be performed either on a chip (SELDI) or on a multi-
dimensional liquid chromatographic (LC) column (MudPIT). 
Chromatographic separations significantly increase resolving 
power and allow detailed analysis of sub-populations of pro-
teins within a complex proteome. In addition quantification 
can be achieved by coupling isotope labeling of the pro-
teome to direct LC analysis (ICAT and SILAC) [4, 5].  
 While the proteomic methods described above allow for 
global analysis of protein abundance they do not provide 
information about the regulation of enzyme activity. Most 
enzymes including proteases are often tightly regulated on a 
post-translational level leading to a potentially significant 
divergence of abundance and activity. To begin to address 
some of these limitations chemical or activity based pro-
teomics has been established to characterize protein activity 
and provide a means to directly monitor functional regula-
tion in complex proteomes (Fig. 1). This technique uses 
small-molecule activity based probes (ABPs) that covalently 
modify key active site residues through a highly specific 
chemical reaction that depends on enzyme activity. These 
probes, due to their high degree of selectivity, can be used in 
complex samples such as cell lysates, intact cells and even 
whole organisms. In this review we describe recent advances 
and strategies for activity based proteomics of proteases and 
their potential impact on target and drug discovery.  

2. DESIGN AND SPECIFICITY OF ACTIVITY BASED 
PROBES THAT TARGET PROTEASES 

 Structurally, all ABPs have a shared basic design that 
makes use of elements for targeting, subsequent chemical 
modification and detection of labeled products. Perhaps the 
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most crucial component of an ABP is the reactive functional 
group, sometimes referred to as a “warhead”. This reactive 
group covalently binds to amino acid residues of the target 
enzyme (Fig. 2). The majority of activity based probes use 
electrophilic groups that are able to form a covalent bond 
with key catalytic nucleophiles located in the active site of 
the enzyme. These warhead groups must be chemically reac-
tive towards an activated nucleophile of the target enzyme 
but not reactive enough to modify other free neucleophiles 
(i.e. cysteine or glutathione) in the proteome. Targeting of an 
ABP to a specific subset of enzymes is often accomplished 
by using a variable region that mimics a true substrate. In the 
case of proteases, this region is almost always a peptide 
which can be tailored to bind distinct sets of targets by vary-
ing the sequence of natural or non-natural amino acids. In 
addition this recognition region is often used to separate the 
reactive functional group from the tag to allow accessibility 
and reduce steric hindrance from the often bulky labeling 
group. A variety of tagging groups have been used in the 
design of activity based probes. These reporters usually al-
low either direct detection or isolation of the labeled enzyme 
or both. Biotin, I125 and various types of fluorophores are 
most commonly used as tags. However, some types of tags 
are not cell permeable and therefore cannot be used for ‘’in 
vivo’’ labeling. Furthermore many of the cell permeable 
fluorescent tags are bulky and may interfere with binding of 
probes to target enzymes. To address these issues, an ap-
proach was recently developed where tags are chemically 
linked to the probe after labeling and lysis of cells. This 
strategy relies on the bio-orthogonal ‘’click’’ chemistry in 

which copper catalyzes a cycloaddition reaction between an 
alkyne group on the probe and an azide group on the tag [6]. 
Using this method, smaller, cell permeable probes can be 
used allowing proteins to be labeled in their native environ-
ment in intact cells [7].  
 In general ABPs have been applied to profile enzyme 
activities using two different approaches. The directed ap-
proach involves the design and synthesis of probes that tar-
get a specific enzyme class based on knowledge of catalytic 
mechanism. The second method is focused on the design of 
generally reactive probes that can be used to search for target 
classes that have interesting regulatory patterns (i.e. in dis-
ease progression). Both methods provide a means to simplify 
the proteome to a set of relevant target enzymes that can then 
be studied in more detail.  

2.1. Directed Approach 

 Activity based probes have been specifically designed to 
target enzyme families with well-established catalytic 
mechanisms, including proteases [8-11], kinases [12, 13], 
and phosphatases [14]. In most cases probe design has taken 
advantage of mechanism based inhibitors that have been 
developed by biochemist and medicinal chemists. In particu-
lar the abundance of structural and kinetic data on many 
classes of proteases has enabled the design of small mole-
cules with specific irreversible inhibitory activities [15]. By 
using known specific synthetic inhibitors as a template, ac-
tivity based probes that target different types of protease 
classes have been designed (Fig. 2).  

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Comparison of abundance based proteomics and activity based proteomics.  

A. Standard proteomic analysis using 2D SDS-PAGE coupled to a mass spectrometry. In this method total proteins are separated by 2D 
SDS-PAGE, proteins are visualized by silver or Commassie stain and individual protein spots are excised, digested with trypsin and identi-
fied by mass spectrometry. This methodology provide identification and quantification of overall protein abundance. B. The activity based 
proteomics approach. A complex proteome is labeled with an active site probe allowing specific isolation of active targets by affinity chro-
matography. Unlabeled proteins are removed from the sample (dashed circles) and intensity of labeled protein bands correlates to their activ-
ity rather than abundance. Only active protein species are excised and analysed by mass spectrometry.  
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Probes for Cysteine Proteases 

 Cysteine proteases represent one of the four primary 
mechanistic classes of proteases. Their common feature is 
their catalytic mechanism: they all utilize a Cys residue as 
the primary nucleophile and a His residue as the general base 
for proton transfer. They have been further divided into six 
clans based on the structure of the active site. The papain 
family of cysteine proteases is a member of clan CA and has 
been extensively studied due to its involvement in various 
important physiological and pathological processes [16-18]. 
E-64 is a natural product inhibitor containing a reactive ep-

oxide warhead that is highly specific for papain family cys-
teine proteases [19]. Since its discovery in 1976, it has been 
widely used for studies of cysteine proteases and has been 
the central structural element in several classes of activity 
based probes [8, 20-22]. The E-64 derived probe, DCG-04 
has been used to determine functional roles of papain-like 
proteases in processes such as: tumor progression [23], cata-
ract formation [24], prohormone processing [25], parasitic 
invasion [26] and cell cycle regulation [27]. In addition to E-
64-derived epoxides, other reactive groups have also been 
used for papain like protease profiling: diazomethyl ketones 
[28], acyloxymethyl ketones [29-31] and vinyl sulfones [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Structures of protease ABPs and their chemical reaction mechanisms leading to activity dependant target modification.  

A number of diverse protease directed probes have been developed. A. Covalent labeling mechanism of ABPs degined to specifically target 
cysteine proteases. The reactive functional groups shown display highly specific reactivity towards the cysteine nucleophile. B. Covalent 
labeling of a serine protease by a peptide diphenyl phosphonate ester. The phosphonate reactive group is highly selective for the serine nu-
cleophile of a serine protease. C. Affinity labeling of metalloproteases using a tight binding peptide hydroxamate probe. Since metallo prote-
ases do not use a covalent attack mechanism by an active site amino acid, probes must carry an alternatively reactive functional group that 
can target residues within the active site. In this example a photocrosslinking group is used to covalently link the probe to the target enzyme.  
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 Clan CD is the second most abundant clan of cysteine 
proteases. Its members include caspases, gingipains, legum- 
ains, clostripains and separases. Among this family, caspases 
are of particular interest due to their crucial role in apoptosis. 
Not surprisingly the first generation of ABPs that target CD 
clan proteases were directed towards caspases. In fact an 
activity based probe was used to identify the first caspase 
(caspase 1, !-interluken converting enzyme -ICE) [32]. Ini-
tial caspase probes used acyloxymethyl ketone (AOMK) and 
aldehyde reactive groups coupled to a specific peptide se-
quence and a biotin tag. Acyloxymethyl and chloromethly 
ketone based probes have also been used to study separase 
and its role in cell division [33, 34]. Recently, AOMK based 
probes that target diverse CD clan of cysteine proteases have 
been reported [30].  

Probes for Serine Proteases 

 The serine hydrolase family represents approximately 1% 
of human genome and includes numerous proteases, lipases, 
esterases, amidases and transacylases. Like cysteine prote-
ases, serine proteases participate in many important cellular 
processes, such as blood coagulation [35], apoptosis [36], 
neurotransmitter catabolism [37, 38], cancer [39] and protein 
maturation [40]. The majority of serine hydrolases are irre-
versibly inhibited by fluorophosphonates (FP) thus prompt-
ing its use as a general activity based probe for this family. A 
3H-labeled version of diisopropyl fluorophosphonate (DFP) 
is commercially available however, this probe lacks sensitiv-
ity and also cannot be used to isolate and identify target en-
zymes. To circumvent these problems, a series of analogs of 
DFP containing aliphatic or PEG based linkers and a variety 
of tags have been developed [9, 10, 41]. These FP probes 
have been used in a range of profiling experiments, most 
notably in studies of serine hydrolase biomarkers for cancer 
[see below 10, 42, 43]. Additionally, peptides modified with 
a c-terminal phosphonate have been developed as selective 
inhibitors of serine proteases [15] and probes containing di 
phenyl phosphonate esters were shown to function as effec-
tive probes of typsin family proteases [44] as well as for a 
viral serine protease [45]. These probes contain a peptide 
scaffold and therefore react only with serine proteases and 
not other members of the serine hydrolyase family. 

Metalloproteases  

 In contrast to cysteine and serine proteases, metalloprote-
ases do not use an amino acid nucleophile for direct covalent 
attack on a substrate but rather use a zinc activated water 
molecule for peptide bond hydrolysis [46]. Thus, metallo 
proteases do not form acyl-enzyme intermediates and cannot 
be targeted using simple electrophiles that mimic a protein 
substrate. Although some examples of electrophile-based 
covalent inhibitors for metalloproteases were reported, they 
were not suitable for probe design because of their weak 
potency and lack of selectivity [47-49]. Alternatively, activ-
ity based probes that are capable of labeling metalloproteases 
were designed using a tight binding peptide hydroxamate 
scaffold carrying a label and photocrosslinking group [11]. 
These probes selectively label metalloproteases after irradia-
tion with UV light. The primary disadvantage of this type of 
ABPs is that they are not suitable for use in living cells and 
whole animals.  

2.2. Non-Directed Approach 

 For many enzyme classes, specific reactive functional 
groups have not been developed thus limiting the ability to 
use a directed approach. In order to expand the range of en-
zyme families that can be targeted using ABPs a non-
directed or combinatorial approach was introduced [50, 51]. 
In this approach, a library of candidate probes was synthe-
sized using a simple alkyl scaffold carrying a series of gen-
erally reactive electrophiles. Probes were composed of a 
variable alkyl/aryl binding group, a sulfonate ester reactive 
group, an aliphatic linker and a rhodamine or biotine tag. A 
carbon electrophile (sulfonate ester) was selected as a reac-
tive group because many carbon electrophile bearing natural 
products are known to covalently bind to multiple enzyme 
classes [52-54]. Libraries of probes were screened in direct 
labeling assays using a diverse set of tissue and cell proteo-
mes. Probe labeled protein bands that were sensitive to heat 
denaturation prior to labeling were scored as positive hits. 
Members of at least nine distinct mechanistic enzyme classes 
were detected by this approach. Among them were dehydro-
genases, kinases, hydratases and transferases. Interestingly, 
none of the enzymes targeted by the sulfonate library was 
targeted by previously described classes of specific activity 
probes. In addition, sulfonate probes labeled various active 
site residues (aspartate, cysteine, glutamate, tyrosine) and in 
some enzymes, reacted with non active site amino acids [55].  
 A library of ABPs containing the "-chloroacetamide ("-
CA) reactive group coupled to a variable dipeptide binding 
group was also developed for non-directed activity based 
profiling [56]. The "-CA electrophile was selected for two 
reasons: first, it is relatively small resulting in minimal influ-
ence on non-covalent probe-protein interactions and second, 
like other carbon electrophiles (sulfonate esters, epoxides) 
the "-CA can label a variety of active site residues. Complex 
proteomes from tissue samples and cell lines were labeled 
with the "-CA probe library resulting in the identification of 
more than 10 different enzyme classes as targets. Interest-
ingly, the overlap of targets with the sulfonate ester library 
was low, suggesting that both libraries target unique subsets 
of the proteome.  

3. APPLICATION OF ACTIVITY BASED PROFILING 

3.1. Identification of Biomarkers and Target Discovery 

 Completion of the human genome sequencing project has 
intensified the search for biomarkers of human disease. Ge-
nomic technologies such as DNA microarrays and single 
nucleotide polymorphism (SNP) analysis have been leading 
the way in the discovery of gene sequences linked to human 
diseases. DNA microarrays are an efficient method that pro-
vides comparative analysis of the entire complement of 
mRNA populations within a biological sample in a single 
experiment. Unfortunately, many pathological conditions 
result from interactions and processes that take place on the 
protein level. In contrast to mRNA, proteins cannot be am-
plified and they exhibit a high level of heterogeneity due to 
various post-translational modifications. Activity based pro-
filing coupled with mass spectrometry has proved to be an 
excellent tool for identification of protein-based disease 
markers in complex proteomes (Fig. 3).  
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 Some of the first efforts to use ABPs for biomarker dis-
covery have made use of a fluorescent serine hydrolase reac-
tive probe FP-Rhodamine to profile activities in a series of 
cancer cell lines [42]. Probe labeled samples were separated 
by SDS-PAGE and fluorescently labeled proteins visualized 
by laser scanning of the resulting gel. In a parallel experi-
ment, proteomes were labeled by the biotinylated version of 
the probe and target proteins isolated by affinity chromatog-
raphy and identified by mass spectrometry. Using the result-
ing activity profiles of a series of serine hydrolase targets, 
cancer cell lines were classified into functional subtypes 
based on tissue of origin and state of invasiveness. Different 
populations of serine hydrolases were found to be expressed 
in cell lines with different cellular invasiveness properties. A 
similar approach was also used to profile hydrolases found in 
different stages of breast cancer [39]. Serine hydrolase spe-
cific probes (fluorophosphonate reactive group) and non-
directed probes (sulfonate ester reactive group) were used to 
study the differences in activity profiles of MDA-MB-231 
human breast cancer cells, when grown in cell culture and 
after tumor formation in mouse mammary fat pads. These 
studies showed that cancer cells exhibited different activity 
profiles when grown in vitro (in culture) and in vivo 
(xenograft tumors). More than seven types of enzyme activi-
ties with distinct expression patterns were identified. These 
findings suggest that studies performed with human cancer 
cell lines in culture, may not be predictive of the behaviour 
of these lines in vivo. It was also noted that many dramatic 
alterations in enzyme activities occurred as a result of post-
transcriptional events, again confirming the value of activity 
based profiling methods. 
 In another example of an application of ABPs to search 
for diagnostic markers hydroxamate based probes for metal-
loproteases were used for profiling of an invasive melanoma 
cell line [11]. Neprilysin, a membrane associated metallopro-
tease was found to be highly upregulated in melanoma cell 
lines even though it is known to degrade several mitogenic 
peptides and is considered to be a negative regulator of tu-

morigenesis [57]. This finding suggested that in some tumor 
types, neprilysin may also contribute to the progression of 
cancer. Neprylisin was also shown to be a good target for the 
matrix metalloprotease inhibitor GM6001 (ilomostat) which 
is currently in clinical trials for cancer [58]. Many MMP 
inhibitors failed in clinical trials due to toxicity that may be 
related to their broad reactivity towards different classes of 
metalloproteases whose functions are poorly understood. 
These studies highlight the application of ABPs for identifi-
cation of drug ‘off targets’ in complex cellular and animal 
models.  

 Biomarkers for additional pathological states, such as 
obesity, have also been studied using ABPs. The generally 
reactive !-chloroacetamide based probe was used to study 
differentially expressed proteins in lean and obese mice [56]. 
Several distinct enzyme activities were identified, among 
them hydroxypyruvate reductase implicated in the biosyn-
thesis of glucose from serine was found to be six fold 
upregulated in obese mice. This suggest, that nonclassical 
pathways of glucose biosynthesis may play a part in obesity 
related syndromes such as type II diabetes [59, 60].  

 Activity based profiling has also been used to identify 
proteases involved in the life cycle of malaria parasite Plas-
modium falciparum. The papain family-specific probe DCG-
04 was used to identify falcipain 1 as a protease that is 
upregulated in the invasive merozoite stage of P. falciparum 
growth [26]. This finding suggests that falcipain 1 may play 
an important role in host cell invasion, making it an interest-
ing target for antimalarial drugs. 

 For most of the activity based probes developed so far 
only a limited group of enzymes in a specific enzyme class 
can be targeted at once. This is problematic when attempting 
to monitor large families of enzymes such as the metallopro-
teases. To overcome this problem, Cravatt and co-workers 
have a developed a strategy in which small libraries of struc-
turally diverse photoreactive hydroxamate probes with com-
plementary metalloprotease selectivity are used to profile 

 

 

 

 

 

 

 

 
Fig. (3). Application of activity based profiling to biomarker discovery. 

Activity based probes can be used to profile complex proteome to identify enzymatic targets that are regulated in disease progression. In this 
example normal and pathological tissue proteomes are labeled by a fluorescently tagged ABP followed by analysis by SDS-PAGE. Probe 
labeled proteins are visualized by laser scanning of the resultant gel and proteins whose activities are differentially regulated in pathological 
and normal proteome can be identified. These targets can then be identified by mass spectrometry and may serve as potential biomarkers for 
disease. 
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tissue proteomes. Following SDS-PAGE analysis, a set of 
optimal probes can be selected that provides the greatest 
coverage of the family. This optimal set of probes can then 
be used for more extensive LC/MS based analysis in diverse 
biological samples. In the initial application of this approach 
more than 20 metalloproteases were identified, including 
members from nearly all the main branches of this enzyme 
class [61].  
 Taken together these examples of applications of ABPs 
strongly support the utility of activity based profiling in the 
process of drug discovery by providing a means to identify 
and validate targets in the initial stages of the process. ABPs 
allow direct labelling of target enzymes in crude proteomes 
thereby highlighting potential targets for selection based on 
the correlation of activities within a given disease pathology 
(Fig. 3). ABPs can then be used for detailed biochemical and 
biological assays to validate their roles in disease progres-
sion.  

3.2. Inhibitor Discovery 

 High throughput inhibitor screens are important tools of 
the pharmaceutical industry for discovery of novel therapeu-
tic agents. Generally, screens are substrate-based assays 
which rely on either purified native enzymes or enzymes 
from a recombinant source. They are therefore dependant on 
the ability to express, isolate and purify an enzyme target in 
a form that is capable of processing the reporter substrate. 
However, such ‘in vitro’ assays provide only limited infor-
mation about in vivo potency and selectivity of a compound 
for a series of related enzymes. Furthermore, enzymes that 

cannot be expressed in recombinant form or isolated from 
tissues in sufficient quantities and enzymes with unknown 
substrates and reaction conditions, can not be screened for 
drug leads in such assays.  
 ABPs have been used to develop small molecule inhibi-
tor screens that solve many of the shortcomings of standard 
in vitro kinetic assays. Since ABPs bind directly to a cata-
lytic active site residue of a target enzyme, they can be used 
to measure small molecule inhibitor binding using a compe-
tition assay. Furthermore, the screen can be performed in 
complex cellular mixtures that contain multiple related target 
enzymes. Both potency and selectivity of inhibitor binding 
can be quantified by monitoring loss of probe labeling as a 
result of titration of a small molecule inhibitor into the sam-
ple (Fig. 4). Using this method enzymes can be screened in 
their native environment, thereby eliminating the need for 
recombinant expression, purification and development of 
specific substrate assays. Furthermore, activity based profil-
ing allows inhibitor screening of more than one target within 
a specific proteome in a single experiment.  
 Important information about target enzyme specificity 
can also be obtained by screening of positional scanning 
libraries (PSLs) of inhibitors. This approach has been used to 
profile specificities of multiple papain family proteases as 
well as the multiple active sites of the proteasome [62, 63]. 
The library screening approach allows the contribution of 
each amino acid residue in the inhibitor to be determined 
individually. By screening PSLs against multiple related 
targets it is possible to generate an ‘affinity fingerprint’ for 
each enzyme. This information can then be used to create a 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Application of activity based probes in drug discovery. 

ABPs can be used to profile protease activities during disease progression to identify enzymes that are likely to contribute to disease pheno-
type. Initially staged sample proteomes are directly labeled using an ABPs. Labeled target proteins whose activities are correlated with dis-
ease progression can then be identified (left panel dashed circles). Subsequently, libraries of lead compounds (often based on the probe struc-
ture) can be screened to identify compounds that target specific enzyme activities linked to disease progression. Compounds that bind to the 
active site of a target prevent labeling by the ABP and are seen as a loss of labeling (inhibitors 4 and 6 right panel dashed circles). Lead com-
pounds can then be used to validate the target enzyme and can serve as lead compounds for drug development. 
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database of reference affinity patterns for known enzymes. 
Such a database facilitates classification of unknown prote-
ases from complex proteomes by comparison of their affinity 
fingerprints to the reference database. In addition, combining 
specificity information for each residue enables the design of 
optimized selective inhibitors. An example of this approach 
is the recent development of selective caspase inhibitors 
which were used for the study of caspase activation kinetics 
during apoptosis [64]. A significant technical advance in the 
high-throughput screening of chemical libraries “in vitro” was 
also made with the development of an enzyme microarray 
technology. This method allows rapid analysis of inhibition 
kinetics of enzyme targets arrayed on a chip and uses activity 
based probes for the final readout of activity [65]. Using this 
technique it is possible to measure inhibition kinetics of mul-
tiple combinations of targets and inhibitors using extremely 
small quantities of each. 
 So far, activity based profiling has been applied mostly 
for identification of irreversible enzyme inhibitors. Although 
irreversible inhibitors are useful experimental tools, they are 
less desirable as compounds for drug design because of their 
inherent reactivity. While ABPs are covalent inhibitors and 
therefore best suited for analysis of irreversible inhibitors, it 
is possible to optimize competition assays to allow assess-
ment of reversible inhibitor binding. Fluorophosphonate-
based probes that target serine hydrolases have been used for 
screening of mouse proteomes with a reversible inhibitor 
library [66], demonstrating the utility of this approach. 
 While activity based probes have value in the early stages 
of drug development, they can also be utilized in the costly 
late stages of drug development. This is the stage when drug 
candidates are selected for initial animal studies for determi-
nation of general toxicity and pharmacodynamic properties. 
Since ABPs can be used for in vivo competition and imaging 
studies, they can provide important information regarding 
specificity and potency of the drug candidate in a whole 
animal. Candidates with unfavorable side effects can than be 
screened for cross-reactivity with related enzyme targets. 
Such approaches enable quick identification and elimination 
of drug candidates likely to fail later in development thereby 
potentially limiting losses associated with compound attri-
tion.  

3.3. In Vivo Imaging of Enzyme Activities 

 Protein activity inside the living cell is regulated on many 
levels by factors such as spatial and temporal expression, 
small molecule or cofactor binding and posttranslational 
modification. In vitro approaches are usually not capable of 
reproducing complex intracelullar conditions. Therefore, 
methods that allow in vivo visualization of enzyme activity 
in intact cells or whole organisms would provide a much 
better understanding of biochemical and physiological proc-
esses. Two main approaches have been taken toward imag-
ing of proteolytic activity in vivo. The first makes use of re-
porter substrates that produce a fluorescent signal when 
processed by a protease while the second utilizes fluores-
cently labeled ABPs that directly label active proteases [67].  
 In the simplest of methods, protease imaging substrates 
are composed of synthetic peptides attached to a fluorogenic 
or colorimetric molecule that is released only after prote-

olytic processing by a protease. Such substrates were used 
for detection of caspase activity in apoptotic cells [68]. Ac-
tivity was visualized by detecting the fluorochrome or dye 
molecules that were released after substrate cleavage. The 
main limitation of this approach is high background signal 
which results from illumination of cells with UV light. An 
improved method makes use of quenched fluorogenic sub-
strates, utilizing fluorescence resonance energy transfer 
(FRET). FRET-based probes contain two fluorochromes 
situated less than 100 Å apart. The emission wavelength of 
the donor fluorochrome overlaps with the exitation wave-
length of acceptor, allowing transfer of the donor emission to 
the acceptor without radiation. Proteolytic cleavage of the 
linker between two fluorochromes changes the fluorescence 
intensity, which can be monitored and used as an indirect 
readout of protease activity. FRET-based reporters eliminate 
many drawbacks of the direct fluorogenic substrates by 
eliminating artifacts associates with variations in probe con-
centrations and cell thickness. The main disadvantage of all 
substrate based imaging methods is lack of specificity to-
ward enzyme targets. Peptide scaffolds of the probes can 
usually serve as a substrate for more than one protease. Fur-
thermore, a lack of cell permeability and rapid diffusion of 
the reporter limits their use in high resolution localization 
studies.  
 ABP based approaches have the potential to provide bet-
ter selectivity since the reactive group tends to be highly 
specific for specific protease classes and can be varied easily 
to target distinct subsets of proteases. Although cell perme-
ability can often be an issue, many ABPs can freely pene-
trate cell membranes due to their hydrophobic nature. Fur-
thermore, since ABPs directly modify an enzyme target 
through formation of covalent bond, any signal observed in a 
whole cell or organism can be traced back to the enzyme by 
direct biochemical analysis.  
 Multiple examples of applications of ABPs for visualiza-
tion of proteases in intact cells have been reported. Fluores-
cent ABPs have been used for monitoring of caspase activity 
after induction of apoptosis in variety of cell lines [69, 70]. 
Fluorescent ABPs that target papain family cysteine protease 
were also used for in vivo imaging studies in a mouse model 
for pancreatic cancer [23]. In this study a fluorescent ABP 
was intravenously injected into a mouse. After several hours, 
tissue samples were collected and protease activity visual-
ized by fluorescence microscopy. After imaging, SDS-PAGE 
analysis of lysed tissue revealed the activity profiles and 
identities of labeled proteases. In addition, treatment of ani-
mals with broad-spectrum inhibitors could be directly moni-
tored by visualization of loss of protease labeling in tissues. 
This application has the potential to significantly improve 
the process of drug testing in animal models by allowing 
direct assessment of pharmacodynamic properties of lead 
compounds.  
 One of the major limitation to the application of fluores-
cent ABPs to cell-based imaging applications is that they 
produce a fluorescencene signal both when bound to a target 
enzyme and when they are free in solution. To address this 
limitation and enable direct real time studies of protease ac-
tivity in live cells, quenched activity based probes (qABPs) 
have been designed [31]. In this approach, a quencher group 
was placed in close proximity to the fluorophore, thereby 
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preventing fluorescence emission. When the qABP cova-
lently binds to the target enzyme, the quencher group is lost 
as part of the leaving group resulting from the nucleophilic 
substitution reaction with the active site residue. qABPs 
therefore only emit fluorescence when they are bound to 
their target enzyme. These probes have been successfully 
applied for real time imaging of cysteine protease activity in 
living cells and have great potential for whole-body imaging 
applications. 

4. CONCLUSIONS AND FUTURE DIRECTIONS 

 With the techniques of activity based proteomics now 
firmly established, future efforts in this field will shift to-
wards broadening the technology. The available spectrum of 
activity based probes will be expanded to allow profiling of 
additional enzyme classes as well as individual targets within 
a specific class. In addition, development of new classes of 
structurally diverse probe libraries will inevitably lead to 
identification of new probe scaffolds. Applications of activ-
ity based profiling to direct mass spectrometry methods is 
likely to lead to methods that will improve the limit of detec-
tion and omit the time consuming ‘in gel’ analytical methods 
of current standard proteomic techniques. The first steps in 
this direction have already been reported using biotinylated 
serine hydrolase probes for enrichment of target proteins that 
could be identified by MudPit LC-MS/MS [43]. The advent 
of click chemistry applications to activity based probes will 
enable even more accurate target profiling and this approach 
had already been used for development of small-molecule 
cell based screens [71]. Sensitive fluorescent reporter groups 
make ABPs potentially useful tools for ‘in vivo’ analysis and 
quantification of protease activity using highly sensitive 
techniques such as CE-LIF (capillary electrophoresis with 
laser induced fluorescence). This platform was recently used 
for profiling of serine hydrolyases and cysteine proteases in 
various murine proteomes [72]. The high degree of repro-
ducibility and low detection limits, makes this approach an 
important tool for pharmacokinetic and pharmacodynamic 
studies of drug candidates.  
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