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Activity-based protein profiling:

an enabling technology in
chemical biology research

Li N, Overkleeft HS, Florea B, Curr Opin Chem Biol. 2012, 16, 227-33.

2.1 Introduction

Amongst the toolkit of functional proteomic techniques, ABPP has proved powerful
and attractive for its remarkable ability to label and enrich variable enzymatic activities.
Activity-based probes (ABPs) can be viewed as chemical antibodies to report on the
expression of a protein, but at the same time as probes to detect the target active enzymes
in a living system (see Figure 1 for a general representation of the workflow). ABPP has
been used on protein extracts, on living cells, and sometimes even on animal models. In this
review some highlights of ABPP in chemical biological research during the past two years
will be discussed, with a specific focus on applications in the fields of biochemistry,
molecular and cellular biology, medicinal chemistry, pathology, physiology and
pharmacology. The structures of the activity-based probes discussed here are compiled in
Figure 2 and cross-referenced in bold numbers in the text.

2.2 ABPP in biochemistry

Since the invention of the methodology, ABPP has proven highly useful for the
identification and annotation of enzymatic activities and their role in important
biochemical pathways. One research area that has benefited in particular from ABPP is that
involving the ubiquitin-proteasome system. For instance, recently a thymus specific
proteasome was identified in which the Bst subunit replaces B5i in the immunoproteasome
to create a new particle called the thymoproteasome(z). Affinity purification of the active
site fragment coupled to biotin-epoxomicin followed by LC/MS protein identification
demonstrated that Bst is catalytically active in murine thymus, and an ensuing ABPP-based
competition assay employing proteasome ABPs 1 and 2 pointed towards a preference of
Bst for neutral, hydrophilic substrates, in contrast to the hydrophobic substrates preferred
by Bs/Bsi(2). In a second example of ABPP application to the UPS system, C-terminally
modified, HA-tagged ubiquitin derivatives were applied as activity-based probe (3) for the
profiling of a whole range of deubiquitinating enzymes (DUBs) and ubiquitin ligases,



demonstrating their catalytic activity and delivering the research tools for probing their

involvement in protein ubiquitilation events(3).
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In multiple human diseases such as rheumatoid arthritis, cancer and colitis the
enzymatic activity of protein arginine deiminase 4 (PAD4), which catalyzes the hydrolysis
of peptidyl-arginine to peptidyl-citrulline was found to be dysfunctional, possibly due to
autodeimination. In order to test this hypothesis, a PAD4 selective probe (4) was used to
affinity purify PAD4 from living cells together with several binding partners including
histone H3, the histone deacetylase HDACax and ps53(4). It was shown that PAD4
autodeimination does not alter its activity, substrate specificity, or calcium dependence.
Autodeimination however modulates the ability of PAD4 to interact with its previously
identified binding partners(s). The same researchers investigated the regulation of PRMT1
protein arginine methyltransferase 1 (PRMT1). In the presence of estrogen, PRMT1
methylates Arg260 of the estrogen receptor, triggering the activation of protein kinase B
(PKB/Akt) and promoting cell survival. A substrate-based ABP (5) showed that the PRMT1
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activity is regulated, both temporally and spatially, in response to estrogen(6).

ABPP can be combined with LC/MS-based protein quantification platforms,
allowing for accurate quantification of enzymatic activities. In a recent and highly
innovative application, iodoacetamide (IA) alkyne (6) was used to determine the global
reactivity profile of cysteine thiols across the entire human proteome(y). Substoichiometric
amounts of the probe relative to the total number of cysteines were applied to modify the
most reactive, and hence functionally involved (as for instance in enzyme active sites)
cysteine thiols. In a comparative experiment extracts from the same biological source were
saturated with 6 to modify all cysteines. The pool of hyper-reactive cysteines was click-
ligated to a heavy N;-stable isotopic-TEV tag and the comparative pool to the light form of
the tag. Both pools were combined and ensuing enzymatic digestion, affinity purification
and LC/MS analysis of peptides resulted in a global map of cysteine reactivity that is
instrumental for the prediction and annotation of functional cysteines. In another example,
Cravatt and co-workers combined stable isotopic labeling in cell culture (SILAC) with their
Fluorophosphonate (FP) ABPP methodology to quantify the inhibition of serine
hydrolyses(8). The ABP-enriched enzymes from samples with or without inhibitor
(containing differentially labeled lysines and arginines) were mixed and analyzed by LC/MS.
By comparing the intensity of the assigned peaks of the target enzyme, enzyme inhibition
was quantified.

2.3 ABPP in molecular and cellular biology

Visualizing active proteins in living systems requires a robust signal to noise ratio
involving fluorescent labels that emit at higher wavelengths compared to the biologic auto-
fluorescence background of around 480-500 nm. Cysteine dependent cathepsins function
mainly in the endo-lysosomal compartments catalyzing the hydrolysis of intra- and extra-
cellular proteins but are also associated with tumor formation, growth, invasiveness and
metastasis. Cathepsins B and L in particular are highly expressed in various tumors and are
thus promising targets for tumor diagnosis and monitoring of therapy. The Bogyo lab
developed a fluorescently quenched cathepsin probe (7) for the noninvasive optical imaging
of subcutaneously grafted tumors in mice(9). Upon intravenous (i.v.) administration, the
quencher is cleaved by active cathepsins and a sharp increase in fluorescence signal of the
near infrared fluorophore Cys is detected in and around the tumors. A second example is
the development of a potent and selective ABP (8) bearing a near infrared fluorophore for
in vivo imaging of legumain(z0). Legumain is a lysosomal protease involved in antigen
processing and matrix degradation, but is also upregulated during tumorigenesis. The ABP
enabled monitoring legumain activity in normal tissues, in solid tumors by high contrast
shortly after i.v administration and the tracking of whole body distribution of the probe as
well as the level of active legumain in organs by ex vivo imaging and SDS-PAGE.
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In macrophages and dendritic cells, elevated cathepsin activities are required for
antigen processing and presentation. In order to target and monitor cysteine cathepsins in
professional antigen presenting cells, a mannose cluster was clicked to the Bodipy-TMR
(tetramethylrhodamine) equipped cathepsin probe DCGoy4 (9). Probe 9 was taken up by
specific receptor mediated transport via the mannose receptor and selectively labeled
active cathepsins in cell culture(z1).

Caspase activities are early mediators of apoptosis. Imaging and quantification of
caspase activities holds promise for early diagnosis or disease monitoring, for instance after
exposure to anti-tumor drugs in clinic. A cell permeable, caspase 3 and 7 sensitive ABP (10)
equipped with a near-infrared fluorophore revealed dexamethasone-induced apoptosis in
murine thymi and in tumor grafted mice treated with the apoptosis-inducing monoclonal
antibody Apomab(z2). Maximum fluorescence signal in live mice coincided with peak
caspase activity assessed by SDS-PAGE analysis, emphasizing the potential of the probes
for in vivo non-invasive optical imaging in preclinical and perhaps clinical settings.

Recently, quinone methide chemistry was utilized to develop a series of scaffolds in
a highly modular fashion and with facile interchangeability of the moieties for making a
series of caspase and phosphatase activity-based probes (11). Several active caspases were
labeled both in vitro and in digitonin permeated cells and the quenched, two photon
activatable fluorescent labels allowed sensitive detection of the target enzymes(z3).

ABPs specific for the proteasome were instrumental in providing evidence for a
remarkable discovery in the field of immune biology(z4). Lymphocytes involved in an
immune response undergo vigorous cell division to amplify their numbers and small
fluctuations in the critical T-box transcription factor (T-bet) severely impacts on T-cell
progeny where naive CD8+ T-cells differentiate towards effector but not memory fate,
while CD4+ T-cells developed towards T helper 1 (Th1) and less Th2 or Thi1y cells. Flow
cytometry and fluorescence microscopy using proteasome ABPs 1, 2 and 12 showed that T-
bet levels are under proteasomal control and that during mitosis, proteasome activity is
asymmetrically distributed between daughter cells as shown in Figure 3. Unequal
proteasome distribution determines T-cell lineage fate and thus the direction of immune
response development.

2.4 ABPP in medicinal chemistry

Both the FDA approved antiobesity drug orlistat, potentially an antitumor agent,
and the nucleoside antibiotic showdomycin are covalently binding to their cellular
targets(zs, 16). For target identification, an alkyne group was introduced to minimally
change the chemical structure and that enabled post-lysis bio-orthogonal ligation of
reporter or affinity tags followed by either fluorescent imaging or LC/MS based protein
identification (23, 14). Orlistat showed 8 off-targets next to the known thioesterase domain
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of fatty acid synthase (FAS). The antibiotic effect of showdomycin against Staphylococcus
aureus in turn might involve inhibition of the essential enzymes MurA1 and MurAz2 that are
required for cell wall biosynthesis.
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Figure 2: Chemical structure of Activity-Based Probes: 1 reference (2, 14); 2 reference (2,

14, 24); 3 reference (3); 4 reference (4,5); 5 reference (6); 6 reference (7); 7 reference (9); 8
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reference (10); 9 reference (11); 10 reference (12); 11 reference (13); 12 reference (14); 13
reference (15); 14 reference (28); 15 reference (18); 16 reference (19, 23, 29, 31); 17 reference
(20, 21); 18 reference (22); 19 reference (25); 20 reference (25); 21 reference (26); 22

reference (27); 23 reference (28); 24 reference (30); 25 reference (32).

The non-covalent antibiotic vancomycin was equipped by the Sieber lab with an
alkyne group and a photo-activatable crosslinker(z7). As expected, the vancomycin probe
binds to the D-Ala-D-Ala motif of nascent peptidoglycan disrupting cell wall biosynthesis
followed by autolysin (Atl) triggered cell rupture and death. Surprisingly, the probe also
binds and inhibits the Atl amidase domain that causes massive defects in cell morphology
and enhances the tolerance of S. aureus to low concentrations of vancomycin.

Not only the drug target proteins but also the resistance related proteins can be
identified by ABPP. Small synthetic B-lactam probes (15) were applied to comparatively
profile in situ enzyme activities of wild type and methicilin resistant S. aureus (MRSA)
strains revealed unique MRSA features as known resistant associated targets, involved in
cell wall biosynthesis and antibiotic sensing, but also uncharacterized enzymes capable of
hydrolyzing B-lactam moieties(28). Such tools might prove their value for the identification
of resistance genes and help to discover new drug targets for customized therapeutic
interventions.

The design, synthesis and screening of compound libraries are important activities
in medicinal chemistry and ABPP comes in useful when screening for enzyme inhibitors is
the subject of study. A high-throughput screening protocol based on the FP-rhodamine
probe (16) was developed to identify selective and potent inhibitors for two unrelated and
poorly characterized serine hydrolases, namely retinoblastoma-binding protein-9 (RBBP9)
and thioltransferase glutathione S-transferase omega 1 (GSTO1) both suggested to be
cancer related genes(z9). The enzymes were incubated with a compound library in a 384
well format, followed by FP-rhodamine labeling of residual enzyme activity. The bioactive
alkaloid emetine was identified as a selective inhibitor of RBBPg. GSTO1 was found to be a
target of several electrophilic compounds (including omeprazole and rifampicin) present in
public libraries.

The KiNativ high-throughput screening platform from ActivX employs an ATP-
analogue probe (17) for capturing ATP processing enzymes and profiling several well
studied kinase inhibitors against >200 kinases in native cell proteomes to reveal biological
targets for some of the inhibitors(2o, 21). The authors found several striking differences
between native and recombinant kinase inhibitory profiles, in particular, for the Raf
kinases. This highlights the complexities of protein kinase behavior in the cellular context
and demonstrates that profiling results based on recombinant/purified enzymes can be
misleading. An Abelson (Abl) tyrosine kinase, the molecular target linked to the
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development of chronic myelogenous leukemia (CML), specific ABP (28) was synthesized

inspired by the clinically used Imatinib drug and equipped with a photo-activatable

crosslinker(22). These examples indicate the power of ABPP for screening and

development of new therapeutic strategies.
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2.5 ABPP in pathology, physiology and pharmacology

Since ABPP is a powerful tool to observe the activity of a wide range of functional

enzymes, it can be used as a sensitive method for diagnosis and prognosis of a series of

diseases, which are related to some abnormal enzymatic activities, such as cancer,
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pathogen infection, and metabolic disorders. Tumor cells display progressive changes in
metabolism that correlate with malignancy, including development of a lipogenic
phenotype. The Cravatt lab measured the activity of a series of monoacylglycerol lipases
(MAGL) with ABPP (26) in both aggressive and nonaggressive human cancer cell lines(23).
Elevated MAGL activity was found in the aggressive cancer lines and primary tumors where
MAGL regulates a fatty acid network enriched in oncogenic signaling lipids that promotes
migration, invasion, survival, and in vivo tumor growth. An example of ABPP in studying
tumor pharmacology is the use of MVis1 (2) for profiling the proteasome activity of
bortezomib sensitive and resistant multiple myeloma (MM) cells(24). Multiple myeloma is
an aggressive malignance of plasma B-cells, which can be treated with bortezomib, a
proteasome inhibitor that blocks the B5 and Ba1 subunits. Driessen and co-workers found
that elevated transcription rates, activities and polypeptide levels of B5, B1 and B2 subunits
combined with increased expression and proteasome association of the 11S proteasome
activator were the main pathways for resistant MM cells to cope with Bortezomib stress.

The ABPP approach was used in the Bogyo lab to identify essential proteases
required for the proliferation of parasites. ABPs 19 and 20 were used to identify the malaria
proteases pfSUB1 and DPAP3 as the key regulators of erythrocyte rupture(25). Recently,
the same group identified the parasite protease TgDJ-1 in Toxoplasma gondii (21), which
plays a key role in the pathogen attachment and invasion of host cells(26). Harbut and
colleagues used bestatin analogues (22) to identify the malaria parasite aminopeptidases
pfA-M1 and pf-LAP, which are necessary peptidases for hemoglobin digestion and parasite
early life cycle(2y). Various peptidase activities were profiled by ABPP (23) in tick Gl-tract,
which are often carriers of parasites. The study revealed the way hemoglobin from human
blood was digested in tick Gl-tract by a multipeptidase pathway(28). Hepatitis c virus (HCV)
infection is a global harmful disease with unclear pathogenesis. Pezacki and co-workers
used FP-Rhodamine (16) to visualize the differential host enzyme activation during the
HCV replication and identified carboxylesterase 1 to play an important role in HCV
propagation(29).

Gaucher disease, a common lysosomal storage disorder, is often underlined by the
deficiency of glucocerebrosidase (GBA). Coupling the GBA inhibitor cyclophellitol to
different Bodipy fluorescent groups provided ABPs (24) of ultra-high sensitivity and
specificity for GBA(30). The probes were tested and validated both in vitro and in vivo and
will find application in screens for new GBA inhibitors or chemical chaperones in living cells
and for the diagnosis or therapy progression in Gaucher disease by quantifying the GBA
activity in patient materials.

ABPP has also been used to study plant pathology and physiologic problems. FP
probes (16) were used to visualize the differential activation of serine hydrolases in the
unchallenged and botrytis-infected Arabidopsis thaliana(31). In another work, beta-lactone
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probes (25) were used to identify a papain-like peptide ligase in the same organism(32).

2.6 Conclusion and outlook

Thanks to the discovery of new warheads, the design of improved enzyme targeting
moieties and reporter/affinity tags, in conjunction with the remarkable increase in
sensitivity, resolution and dynamic range of detection instruments, ABPP has become a
powerful functional proteomics tool in the field of the biochemistry, (molecular) cell
biology, medicinal chemistry, physiology, pathology and pharmacology. However, to date
many enzyme families defy modification by ABPs and future research will reveal the extent
by which ABPP can be applied to different enzyme families and indeed also non-enzymatic

protein families.
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