Activity-based Protein Profiling Approaches for
Transplantation

Mario Navarrete, PhD,"? John A. Wilkins, PhD,"? Ying Lao, MSc,"? David N. Rush, MD,?
Peter W. Nickerson, MD, ' and Julie Ho, MD"*®

Abstract. Enzyme activity may be more pathophysiologically relevant than enzyme quantity and is regulated by changes
in conformational status that are undetectable by traditional proteomic approaches. Further, enzyme activity may provide
insights into rapid physiological responses to inflammation/injury that are not dependent on de novo protein transcrip-
tion. Activity-based protein profiling (ABPP) is a chemical proteomic approach designed to characterize and identify active
enzymes within complex biological samples. Activity probes have been developed to interrogate multiple enzyme families
with broad applicability, including but not limited to serine hydrolases, cysteine proteases, matrix metalloproteases, nitrilases,
caspases, and histone deacetylases. The goal of this overview is to describe the overall rationale, approach, methods, chal-
lenges, and potential applications of ABPP to transplantation research. To do so, we present a case example of urine serine
hydrolase ABPP in kidney transplant rejection to illustrate the utility and workflow of this analytical approach. Ultimately,
developing novel transplant therapeutics is critically dependent on understanding the pathophysiological processes that
result in loss of transplant function. ABPP offers a new dimension for characterizing dynamic changes in clinical samples.
The capacity to identify and measure relevant enzyme activities provides fresh opportunities for understanding these pro-
cesses and may help identify markers of disease activity for the development of novel diagnostics and real-time monitoring
of patients. Finally, these insights into enzyme activity may also help to identify new transplant therapeutics, such as enzyme-

specific inhibitors.
(Transplantation 2019;103:1790-1798)

/

TRANSPLANTATION AND HUMAN -OMICS

The development of new therapeutics is a key unmet need
in transplantation and critically dependent on improving
our mechanistic understanding of the processes that lead
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to graft loss."” Such information could identify modifi-
able early events that cumulatively result in loss of graft
function. Although animal models have been central to the
identification of many fundamental biologically relevant
processes,” there is a clear and recognized need for more
patient-derived data as the results of these model systems do
not necessarily represent events most relevant to humans.
Fitzgerald et al* cogently argued that a human phenomic
science approach can accelerate personalized medicine and
improve clinical trial design through in-depth human phe-
notyping to identify mechanisms of action, toxicities, and
responses to relevant clinical outcomes. However, delineat-
ing the underlying functional relevance of -omic data is a
key to its interpretation and foundational to the accurate
phenotyping of humans in health and disease.

There are numerous examples in which understanding
the spectrum from genes to downstream effector mol-
ecules has led to key clinical innovations in transplanta-
tion. High-resolution typing has significantly improved
our understanding of allorecognition, and HLA class II
molecular mismatch assessment can be used to inform
personalized risk for the development of de novo donor-
specific antibody, T-cell-mediated rejection (TCMR),
antibody-mediated rejection (AMR), and graft loss.””’
Transplant biopsy transcriptomics improves the diagnostic
precision for AMR and can identify patients at high risk
of graft loss.*1” Peripheral blood and urine transcriptom-
ics and urine metabolomics have each yielded potential
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FIGURE 1. From genes to downstream effector molecules in transplantation. The spectrum of unbiased -omic approaches can be
used to characterize different stages of a protein. Activity-based protein profiling is a proteomic technique to identify enzymes in an
active conformational state and may provide important new insights into transplantation.

noninvasive biomarker panels for subclinical and clinical
rejection.'™ Within the genes to downstream effector
molecules paradigm, proteomics falls between transcrip-
tomics and metabolomics and offers complementary ana-
lytical approaches (Figure 1).

Comparative analysis and integration of data from such
complementary approaches provide an additional level of
confidence in candidate pathways, such as when transcript
and protein changes fully align. For example, mRNA lev-
els of granzyme B and its associated inhibitor serine pro-
tease inhibitor-9 was found to be associated with clinical
biopsy-proven rejection urine samples.'® Serine protease
inhibitor-9 protein expression was subsequently shown to
be increased in subclinical versus clinical rejection biopsies
and correlated with granzyme B-positive T lymphocytes.!”
Finally, the murine homolog of serine protease inhibitor-9
(serine protease inhibitor-6) was demonstrated to be reno-
protective during allograft inflammation by inhibiting the
activity of granzyme B.'® Taken together, these data show
excellent concordance between mRNA, protein expres-
sion, and activity data, and concordance between human
and animal findings.

However, 1 of the key limitations to interpreting human
genomic and transcriptomic data is the often unclear rela-
tionship between these upstream analytical approaches
and their potential downstream relevance. Nucleic acid-
based reporters do not necessarily correlate with protein
expression levels, as multiple downstream mechanisms
exist to control expression levels and functionality.
Ultimately, it is proteins/metabolites that mediate biologi-
cal processes, and their functional status reflects the direct
manifestations and activity of genomic expression in real
time. For example, in an adult cardiac surgery model of
renal ischemia-reperfusion injury, we demonstrated that
there are increased intraoperative urine serine hydrolase
enzyme activities that preceded changes in protein quan-
tity in patients who subsequently developed postoperative
acute kidney injury. These observations were consistent

with early intraoperative enzyme activity changes that pre-
ceded protein transcription/translation.'”

Enzymes are proteins that catalyze the chemical reac-
tions required for physiological function. A review of the
Uniprot protein database indicates that >3400 entries
are associated with enzymatic activity, highlighting the
importance of this category of proteins. Many enzymes are
maintained in a latent state until their functional activity is
required (eg, complement activation, coagulation system).
This is done to minimize possible undesired deleterious
effects of unregulated activity. The transition to an active
state may be a consequence of changes in conformation
induced by posttranslational modifications, acquisition of
cofactors, or proteolytic cleavage. Such activity changes
are independent of changes in the absolute quantity of a
given enzyme and provide the ability for systems to rapidly
respond to changes in their environment. Thus, the pres-
ence of an enzyme does not necessarily indicate that it is in
an active conformational state. Therefore, measurement of
enzyme activity is a critical component in understanding
dynamic clinical conditions, and this may be more patho-
physiologically relevant than absolute quantification of
enzyme amounts. Unfortunately, most antibody and mass
spectrometry-based analytical approaches used in prot-
eomics do not provide information on its activity or func-
tional status, which stresses the need for complementary
approaches. Activity-based protein profiling (ABPP) was
developed as an approach to address this need.

ACTIVITY-BASED PROTEIN PROFILING

ABPP is designed to specifically detect the active forms
of an enzyme. The approach is based on the premise that
only active enzymes are capable of interacting with their
substrates.”” Thus the selective reaction of a sample with
an activity probe displaying chemical properties similar to
their cognate substrate offers a means of specifically bind-
ing the active species of enzyme. As enzymes in a given fam-
ily share a common mechanism of catalysis, it is possible
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to use a single probe to simultaneously identify multiple
active types of enzymes within a single family. The basic
design of an activity probe incorporates a reactive group
which provides the specificity for a given set of enzyme
targets, a spacer, and a tag which may directly function
as a reporter (eg, fluorescence) or for affinity capture (eg,
biotin). The reactive groups are often specific irreversible
inhibitors that covalently bind to the catalytic site of active
enzymes, providing a stable association between the probe
and enzymes. The tags allow for the direct or indirect visu-
alization of the labeled enzymes in situ or gel-separated
proteins. The tags also offer a basis for the affinity puri-
fication of labeled enzymes, which in conjunction with
liquid chromatography-tandem mass spectrometry can be
used for identifying the labeled enzymes.”! The tags can
be directly incorporated into the probe or subsequently
coupled to the reacted probe using click chemistry.”” The
click chemistry approach offers the potential of function-
alizing aliquots of a single probe-labeled sample for reac-
tion with different reporters for comparative proteomics.
ABPP complements quantitative proteomics by reporting
on enzyme functional status.?%!

The use of ABPP has rapidly expanded in the last 10-15
years with the generation of an extensive and growing set
of activity probes for interrogating different enzymes or
enzyme families**>? (Table 1). ABPP has led to the iden-
tification of novel therapeutic targets in diverse disease
systems ranging from cancer biology to microbiology.***’
Using serine hydrolase ABPP, the Cravatt group demon-
strated increased KIAA1363 and monoacylglycerol lipase
activity associated with increased aggressiveness of can-
cer cell lines. The inhibition of these enzymes resulted in
decreased tumor growth in mouse models.?***** Using
a combination of serine hydrolase and cysteine protease
ABPP, the Bogyo group found increased falcipain 1 activity
during the invasive merozoite stage of malaria and charac-
terized regulators of erythrocyte rupture to identify new
antimalarial drug targets.>>*¢8

ABPP can also be used to identify novel enzyme biomark-
ers of disease activity, which can then be tailored to enzyme-
specific activity assays.>’ One of the major challenges in
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proteomics has been characterizing low-abundance pro-
teins, which can be masked by high-abundance proteins
in mass spectrometry-based analyses. However, enzyme-
specific substrates can be used to amplify the signals from
active enzymes irrespective of their quantity within a com-
plex biological sample. This signal amplification offers
the potential to develop highly sensitive enzyme activity
assays for noninvasive biomarker assays. Additionally,
activity-based probes have been developed for in vivo
imaging approaches of disease activity. For example, the
Bogyo group developed a caspase activity probe for in vivo
imaging in a mouse model of colorectal cancer to identify
early disease activity and monitor response to therapy.’’
Taken together, these chemical proteomic approaches offer
a diverse range of effective tools that can be used to inter-
rogate systems relevant to transplantation.

APPLICATION OF ABPP IN TRANSPLANTATION

To illustrate the approach, interpretation, and potential
challenges in the application of ABPP, we present a selected
case example of serine hydrolase ABPP analysis in kidney
transplant subclinical and clinical TCMR. Overall, the
ABPP approach involves labeling of samples with an activ-
ity-based probe specific to the enzyme family of interest
using reporter tags to obtain different readouts. An exam-
ple of the experimental workflow is depicted in Figure 2.

Serine Hydrolase Enzyme Family

The serine hydrolases share a serine centric charge relay
system in their catalytic site.*” This property permits the
targeting of many serine hydrolases with a single activ-
ity probe to profile a broad range of activities. The ser-
ine hydrolase family constitutes ~1% of predicted protein
products of the eukaryotic genome and includes >100 ser-
ine proteases and ~110 peptidases, amidases, esterases, and
lipases.*! Active urinary serine hydrolases, such as tissue
kallikrein, urokinase-type plasminogen activator and plas-
min have been identified in healthy individuals and may be
involved with normal electrolyte homeostasis.** Although
many members are well characterized (eg, trypsin, elastase,

TABLE 1.

Activity-based probe examples: enzyme families

Enzyme family Application References
Serine hydrolases Profiling of tissue activity Liueta®®

Thiolase Activity profiling and enzyme purification Adam et al**

Aldehyde dehydrogenase

NAD/NADP-dependent oxidoreductase
Enoyl CoA hydratase

Epoxide hydrolase

Glutathione S-transferase

Histone deacetylases

Cytochrome P450

Nitrilases

Matrix metalloproteinases
Cysteine cathepsin proteases
Cysteine proteases

Nonribosomal peptide synthetases

In vivo dynamics
Inhibitor analysis

HDAC complex profiling
Analysis of hepatic responses
Active site mapping

Functional analysis of enzyme in families
Antibiotic development

Salisbury and Cravatt?®

Wright and Cravatt,?® Wright et a?®
Barglow et al*’
Keow et al®
Falgueyret et a
Kato et al®'
Ishikawa et al

|30

|32

CoA, coenzyme A; HDAC, histone deacetylase; NAD, nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate.
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FIGURE 2. Outline of a typical activity-based protein profiling experiment. Samples are reacted with probes which covalently label
active enzymes of the target family. The labeled proteins can be separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and visualized or affinity purified and identified using mass spectrometry. The development of enzyme-specific quantitative activity
assays offers the potential for validation and high-throughput analysis of patient samples.

thrombin, acetylcholinesterase), the functions and physi-
ological substrates of many have yet to be determined.
Indeed, the distribution and roles of approximately 50%
of the metabolic serine hydrolases remain unknown in
humans.*!

Several serine proteases and their cognate inhibitors have
been implicated in subclinical and clinical rejection, such
as granzymes A/B and serine protease inhibitor-9,!618:43:44
More recently, it has been reported that granzyme B* regu-
latory B cells are increased in transplant patients, and it
is suggested that these regulatory B cells may play a role
in maintaining transplant tolerance and host defense.*
SERP-1 is a serine protease inhibitor that inhibits tissue-
type and urokinase-type plasminogen activators, throm-
bin, factor Xa, and plasmin and has been shown to inhibit
early injury and chronic allograft rejection in a rat renal
transplant model.*® Finally, unbiased transcriptomic stud-
ies identified the serine hydrolase acyloxyacyl hydrolase as
a candidate intragraft gene during TCMR, and it is one
of numerous candidates currently under consideration by
the Banff working group within a composite molecular
endpoint.” Taken together, these data formed a basis for
evaluating serine hydrolase ABPP in subclinical and clini-
cal rejection urines from kidney transplant patients.

In-gel ABPP Analysis

The purpose of the in-gel ABPP approach is to simul-
taneously profile the cumulative activities of the serine
hydrolase enzyme family (>200 enzymes). Serine hydrolase
ABPP was undertaken in kidney transplant patients with
normal histology and graft function, subclinical TCMR
> 1A rejection, and clinical TCMR = 1A in a previously
described discovery proteomics cohort.*” Urines were
reacted with a fluorescent-tagged serine hydrolase activ-
ity probe (fluorophosphonate-TAMRA, FP-TAMRA),
and probe-labeled samples were separated by SDS-PAGE
using previously described methods."”** An illustrative
example of the serine hydrolase activities in normal trans-
plant, subclinical, and clinical rejection urines is shown

(Figure 3A). This example demonstrates differences in the
activity bands between the 3 patient groups in complexity
and intensity and the presence of interindividual variabil-
ity within each group. The changes in activity bands were
most notable in the subclinical rejection patients, whereas
the clinical rejection patients showed the greatest reduc-
tion in overall serine hydrolase activity (Figure 3A). The
normal transplant patients had additional urine serine
hydrolase activity bands that were not previously observed
in healthy individuals.**

The activity-based gel profile enables rapid visual com-
parison between disease states and offers the basis for
identifying shared features within a group by providing
information on the patterns, apparent molecular weights,
and relative activities of the serine hydrolase enzyme family.
Alterations in the patterns of labeling may reflect changes
in the overall urinary enzyme composition or differential
activation of enzymes already present. The intensity of
the fluorescence staining can provide an indirect measure
of relative activities in a given gel region if the probe is
not limiting and signals are not saturating. However, it is
important to consider that a single gel band may not nec-
essarily represent a single enzyme, as there may be many
different enzymes within the family with similar molecular
weights. Thus, changes in band intensity can arise from
the increased activity of a single enzyme or from the com-
bined activities of multiple enzymes with similar molecular
weights, and it is therefore not possible to extrapolate the
activities of individual enzymes in the absence of enzyme-
specific activity assays. Despite these potential caveats,
the in-gel analysis offers a rapid and convenient approach
for comparing enzyme activity profiles independent of the
observed intra and interindividual variability.

The activity-based gels can also be stained for total pro-
tein content to compare relative protein quantities versus
enzyme activities in different molecular weight regions
(eg, Coomasie blue, Sypro Ruby). Such information may
provide indirect evidence for assessing the contribu-
tions of quantitative changes in enzyme levels to activity
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FIGURE 3. In-gel comparative activity-based protein profiing
analysis. Urines from the indicated patient groups (n = 3 per group)
were labeled with FP-TAMRA, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the labeled proteins visualized
by fluorescence. A, (a) normal transplant, (b) subclinical TCMR >
Banff 1A/B, and (c) clinical TCMR = Banff 1A/B. The individual bands
indicate the active labeled serine hydrolase species in each urine. B,
Comparison of the probe labeling (upper panel) and protein (lower
panel) patterns in of the same urine sample. Note the lack of correlation
between protein and probe levels in corresponding regions of the gel.
Some examples of differences are indicated by arrows. FP-TAMRA,
fluorophosphonate-TAMRA; TCMR, T-cel-mediated rejection.

differences. Indeed, enzyme activities may not directly
correlate with enzyme quantity, emphasizing the critical
importance of characterizing protein function.'”** The
illustrative example highlights 2 areas of activity that do
not correlate with total protein levels in the correspond-
ing regions of the gel (Figure 3B). This suggests that ser-
ine hydrolase enzymes detected by the activity probe may
be low-abundance proteins and not necessarily the major
proteins in the corresponding gel region.

Overall, this example highlights the utility of compara-
tive in-gel ABPP for the analysis of urine samples. It is rapid
and relatively simple and provides a basis for identifying
differences between groups for an entire enzyme family.
The method is readily adaptable for the analysis of clinical
samples, as it requires <100 pL of urine.

Identification of Active Enzymes

The purpose of ABPP affinity purification is to identify
the specific serine hydrolases present in an active form from
all the potential candidates in the enzyme family (eg, serine
hydrolases, >200 potential enzymes). Indeed, a limitation

www.transplantjournal.com

of the in-gel analysis is that it does not offer specific infor-
mation regarding the identities of the probe-labeled pro-
teins. However, the reporter tag in the activity probe can
be used for affinity purification of active enzymes from a
complex biological sample. The progression and effective-
ness of this isolation can be monitored with in-gel analysis.
Ultimately, the affinity-purified materials can be identified
using mass spectrometry.'”* As the patterns of probe
reactivity may vary depending on the probe structure, it
is beneficial to use probes with overlapping target enzyme
repertoires to maximize coverage for in-depth enzyme
identification. An example of the serine hydrolase activi-
ties that are common and unique to the FP-TAMRA and
6-N-biotinylaminohexyl isopropyl phosphorofluoridate
(PF-biotin) activity probes in the same patient sample pool
is illustrated in Figure 4A.

To illustrate the identification of specific active serine
hydrolases using ABPP, urine pools from subclinical and
clinical rejection patients were separately labeled with 2
activity probes with overlapping but nonidentical specifi-
cities (FP-TAMRA and PF-biotin). Pooled urine samples
were used as the ABPP affinity purification/mass spectrom-
etry experiments are a high-content, low-throughput ana-
lytical approach to identify active enzyme candidates from
the total averaged population. The labeled proteins were
affinity purified as previously described.'”** Following
affinity purification, there was an increase in the number
and intensity of the labeled proteins with a marked reduc-
tion in the total protein content in the affinity-purified sam-
ples (Figure 4B). The in-gel patterns of the probe-labeled
proteins in the starting materials were similar for subclini-
cal and clinical rejection urines, with increased activities in
the purified materials, and this type of result provides evi-
dence for enrichment of the activity probe-labeled enzymes
(Figure 4C). The increased “haze” in the 30-50kDa region
may indicate a diverse range of low-abundance enzymes
that have been enriched.

Tandem mass spectrometric analysis of the affinity-
purified materials identified 33 serine hydrolases, the
majority of which were detected in both subclinical and
clinical rejection urines (n = 27). However, some enzymes
were only detected in either subclinical or clinical rejection
samples (Figure 4D). This type of analysis identifies spe-
cific active enzyme candidates. It is notable that the ABPP
affinity purification may enable identification of low-abun-
dance enzymes that might otherwise be undetectable using
traditional proteomic approaches. Such approaches enable
identification of physiologically relevant active enzymes
irrespective of their quantitative abundance within com-
plex biological samples. It is important to bear in mind
that lack of activity probe labeling and mass spectrometry
identification does not provide information regarding the
presence or absence of the inactive enzyme, as this form
will not react with the activity probe.

Disease states may arise from the emergence of novel
enzyme activities, and ABPP can be integrated to provide
downstream functional confirmation of differential tran-
scriptomic or proteomic changes. However, it should be
recognized that pathophysiological changes could occur
via quantitative activity changes in the absence of com-
positional changes to those enzymes already present in
normal samples. Such mechanisms enable rapid physi-
ological responses to injury before the initiation of protein
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labeling are indicated by arrows. B, FP-TAMRA. A comparison of the FP-TAMRA activity probe labeling (ABPP) and protein (Protein)
staining of starting material and purified material after affinity purification. Note the marked reduction in protein content of the purified
material despite the clear capture of probe-labeled materials. C, PF-biotin. A comparison of the PF-biotin labeling of urine pools from
patients undergoing subclinical and clinical rejection. Note the similarity in patterns between the 2 groups and the marked enrichment
of labeled materials in the purified samples. D, Active enzymes identified. Venn diagram indicating the degree of overlap between the
enzymes identified in the subclinical and clinical rejection urines. ABPP, activity-based protein profiling; FP-TAMRA, fluorophosphonate-
TAMRA; PF-biotin, 6-N-biotinylaminohexyl isopropyl phosphorofluoridate.

transcription and translation and further emphasize the
necessity for functional protein assessment.

Validation Studies of Candidate Enzymes

ABPP does not provide a direct measure of activ-
ity for individual enzymes, and therefore further stud-
ies are required to confirm ABPP findings. Validation
approaches for ABPP candidates include evaluating
enzyme-specific activity or using enzyme-specific inhibi-
tors to knock down activity. Quantitative enzyme-specific
activity assays can be used for high-throughput testing
of individual candidates. These enzyme-specific activity
assays are useful to explore the intra and interindividual
heterogeneity and clinical confounders of enzyme activity
in large clinical cohorts.

Thus, an essential step to transitioning to large-scale
screening is the selection of enzyme candidates for the

development of enzyme-specific activity assays. Selecting
enzyme candidates for further testing may be guided by
different considerations, but first it should be confidently
identified by mass spectrometry from probe-labeled sam-
ples. Unique candidates may be useful to differentiate
between disease groups, whereas candidates common to
disease groups may provide insight into overlapping con-
ditions along the spectrum of pathophysiology. While the
literature may guide enzyme candidate selection based on
their physiological relevance, this approach can be limited
by the lack of knowledge regarding the sources and roles
of many human enzymes. Finally, supporting experiments
that demonstrate parallel transcript or protein changes of
the candidate may provide some guidance; however, this
approach is limited by the potential for enzyme activity
changes that are independent of changes in enzyme quan-
tity. Understanding these potential caveats in candidate
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FIGURE 5. Development of an assay for proteinase-3 in urine. A, Demonstration of the kinetics of the response of recombinant
proteinase-3 and inhibition of enzyme activity by PF-biotin probe. B, Detection of proteinase-3 activity in a rejection urine and dose-
dependent inhibition of the activity by PF-biotin probe. C, A comparison of proteinase-3 activity in urines from the indicated transplant
patient groups (n = 6 per group). PF-biotin, 6-N-biotinylaminohexyl isopropyl phosphorofluoridate; TCMR, T-cell-mediated rejection.

selection may also help in interpretation of the enzyme-
specific activity data.

In our illustrative example, the mass spectrometry
results suggested that proteinase-3 (PRTN3, myeloblas-
tin) activity was uniquely present in the subclinical rejec-
tion group compared with the clinical rejection group and
healthy individuals and acute kidney injury patients.'”*
Therefore, a urine PRTN3 activity assay was adapted using
a highly specific substrate*® and recombinant PRTN3 as
a positive control. After optimization, the urine PRTN3
activity assay displayed good linearity and high sensitiv-
ity (Figure SA). PRTN3 activity was fully inhibited by the
PF-biotin probe, indicating that the enzyme(s) responsible
for this reaction was a serine hydrolase (Figure 5B). Urine
PRTN3 activity was then evaluated in a small, previously
described discovery proteomics case-control cohort.*’
Subclinical and clinical rejection patients demonstrated a
trend to increased urine PRTN3 activity but not in patients
with normal histology and graft function (Figure 5C).
Urine PRTN3 activity was higher in 2 subclinical patients
compared with clinical rejection patients, suggesting some
overlap in the subclinical and clinical rejection phenotypes.

PRTNS3 is a protease that is a highly expressed com-
ponent in azurophilic granules of neutrophils; however,
monocytes also normally express this enzyme in their lys-
osomes but at significantly lower levels.*’ Interestingly,
PRTN3 transcription may be regulated in part by steroid-
responsive elements as it becomes highly expressed in CD4
T cells following treatment with methylprednisolone.’”
These data raise the possibility of neutrophil, monocyte,
CD4 T cell involvement, or an alternate cellular source of
this enzyme during rejection. Clearly, this requires more
comprehensive analysis to determine if there is an associa-
tion between PRTN3 activity and graft status and to char-
acterize the source and relevance of its activity.

This case example demonstrates the ABPP workflow
from unbiased analysis to candidate validation includ-
ing the development of enzyme-specific activity assays
that enable screening of large clinical cohorts (Figure 2).
These substrate-based assays can amplify activity signals
from low-abundance enzymes and may be translatable into
clinical tests. The challenges of developing and optimizing
enzyme-specific activity assays include the potential for
cross-substrate specificity, because enzymes within the same
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family share a similar catalytic site. This is the inverse of the
strength of the ABPP approach, which leverages this similar
mechanism of catalysis within an enzyme family. The avail-
ability of novel substrate screening libraries may be useful
in addressing this issue for identification of enzyme-specific
substrates.’!*** Despite these very real challenges, it is clear
that enzyme-specific assays can be developed and have
become an integral part of clinical monitoring programs,
such as the ADAMTS13 activity assay for evaluation of
thrombotic thrombocytopenic purpura.’®

CONSIDERATIONS REGARDING THE
APPLICATION OF ABPP TO URINE

As ABPP detects enzyme activity, it is essential that urine
samples are collected in a manner that retains enzyme func-
tionality. In our experience, routine collection with urine
samples kept at 4°C or on ice until processing to obtain
urine supernatants and storage at —80°C has proven to be
effective. Under these conditions, activity appears to be
quite stable, as active enzymes have been detected in sam-
ples stored for >10 years. Some enzymes such as PRTN3
retain full activity after 7 freeze-thaw cycles (unpublished
data). However, different enzymes may display differ-
ent stabilities, so urine samples are aliquoted and stored
to minimize freeze-thaw cycles, and individual candidate
activities need to be confirmed.

Urine may not be the optimal environment for the activ-
ity of a particular enzyme, as it may have originated from
different cellular and tissue compartments with distinct
pH and ionic conditions. However, it is important to recall
that the reactivity of ABPP probes is dependent on acces-
sibility to the active site of a functional enzyme. Thus, labe-
ling of active enzymes can occur even under suboptimal
enzyme reaction conditions. Because different probes have
distinct pH optima, labeling conditions should be opti-
mized for each probe and enzyme-specific assay. The levels
of nonspecific labeling can be assessed by monitoring the
residual fluorescence patterns of samples that have been
denatured before reaction with the probes.

Proteinuria does not interfere with activity-probe labe-
ling of enzymes, because nonactive proteins do not com-
pete for the probe. However, samples with high protein
levels may complicate in-gel analysis because of band dis-
tortion due to high-abundance proteins such as albumin.
There may be conditions in which urine contains natural
noncompetitive inhibitors. These could potentially inter-
fere with ABPP, and it may be beneficial to remove low—
molecular weight species by dialysis or gel permeation
before labeling. However, this has not been our general
practice, as we seek to characterize which enzymes are
active under physiological conditions in the presence of
endogenous inhibitors. Finally, ABPP is broadly applicable
to many different sample types, including blood, tissue, cell
culture supernatants, and lysates; and the optimal sample
handling and activity probe labeling conditions require
optimization for different experimental systems.

SUMMARY —IMPLICATIONS FOR
TRANSPLANTATION RESEARCH

Developing novel transplant therapeutics is critically
dependent on understanding the key pathophysiological
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processes that result in loss of transplant function in
humans. ABPP provides an unbiased simultaneous meas-
ure of the functional status of enzymes within an enzyme
family. This offers a unique adjunct to other high-content
analytics such as genomics, transcriptomics, proteomics,
or metabolomics, with the benefit of providing real-time
information. ABPP can facilitate sequential sample anal-
ysis for detailed temporal mapping of dynamic clinical
changes.

Changes in enzyme activity may be associated with the
development of rejection or compensatory mechanisms
in response to injury. Clearly such information may help
identify potential therapeutic targets for inhibition or
enhancement. Some enzyme activities may ultimately serve
as markers of disease activity, and the development of
enzyme-specific activity assays makes this feasible. Rapid,
noninvasive colorimetric urine test strips may enable rou-
tine screening or home-based testing for disease activity
or ongoing inflammation/injury (eg, urinary leukocyte
esterase test).”* Apart from patient convenience, this has
important implications for populations who are distant to
their transplant center. Finally, even if a given enzyme does
not prove to be a viable biomarker, knowledge of the types
and kinetics of enzyme changes in transplant patients may
offer the potential to understand the biology of inductive
events and a basis to more accurately subclassify or stage
patients. In conclusion, by improving our understanding
of the dynamic biochemical responses in renal transplant
patients, ABPP may contribute to the development of novel
diagnostics and therapeutics and help advance patient and
graft outcomes.
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