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Preface

Activity-based protein profiling (ABPP) is a chemical proteomic technology that
applies the fundamental principles of chemistry for the global analysis of protein
function and small molecule interactions in native biological systems. A large
fraction of the proteome remains functionally unannotated, and an even smaller
portion has selective small molecule probes for pharmacological characterization.
ABPP addresses these challenges by deploying broadly reactive chemical probes to
interrogate functional and druggable sites on many proteins (100s–1000s) in par-
allel. These profiles can furnish novel insights into protein function, as well as hit
compounds for selective chemical probe development against a wide array of
proteins. The power of ABPP thus lies in its multidisciplinary nature that can
seamlessly bridge basic protein function with the translational potential afforded by
modern synthetic and analytical chemistry methods. This volume provides a
focused collection of recent developments that highlight the merits and opportu-
nities of using ABPP for biological discovery.

The first half of this volume focuses on using ABPP to illuminate functional
alterations in bacterial proteomes during the formation of microbial communities
and in response to host–pathogen interactions. In the first chapter, Wright and
Whidbey describe how ABPP can be implemented to study alterations in protein
biology as bacteria interact with each other and respond to environmental changes
as exemplified by the microbiome. Carlson and colleagues follow with a detailed
overview of chemical probe design, applications, and proof-of-concept examples
for the application of ABPP in prokaryotic systems. Seeliger and colleagues
describe ABPP’s utility in the understanding of immune evasive strategies of
mycobacteria, with emphasis on serine hydrolase and kinase activities involved in
metabolic reprogramming of these bacteria during the transition toward a persistent
dormant state. The next set of chapters shift focus toward changes in proteome
activity related to host–pathogen interactions. Hatzios and colleagues provide a
synopsis of several in vitro and animal microbial infection models where ABPP has
the potential to discover new antibacterial targets and corresponding lead inhibitors.
Hang and Peng describe the use of ABPP to exploit a specific metabolic vulnera-
bility of pathogenic bacteria and fungi. Specifically, protein fatty acylation of both
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host and bacterial proteins is important for survival and pathogenesis, and inhibitors
that block these fatty acylation pathways may lead to new antimicrobial and anti-
fungal strategies. Ovaa and colleagues present another strategy for targeting bac-
terial and viral effector proteins through perturbation of ubiquitin signaling
pathways that regulate protein homeostasis in pathogen and host cells. Pezacki and
colleagues provide specific examples of applying ABPP for targeting host–virus
interactions, while Child and Tate focus on applications for the study of parasites.
Finally, Hsu and colleagues put forth a general overview of ABPP to study the
regulation of T cells, a key immune cell subset for immunity against pathogens as
well as cancer.

The second half of the volume focuses on new enabling tools for ABPP
investigations of protein biology including posttranslation modifications (PTMs),
protein–protein interactions, and protein–small molecule interactions. Cohen and
colleagues summarize the use of ABPP to study and target poly-ADP-ribose
polymerases (PARPs), which are key enzymes that regulate ADP-ribosylation
signaling in cells. Thompson and colleagues describe ABPP to study protein
citrullination, an unusual PTM resulting in the conversion of arginine residues into
citrulline that is important for apoptosis, terminal differentiation, and transcriptional
regulation of autoimmune disorders. Verhelst and colleagues shift from PTM
analysis to enzyme subclasses under investigation by ABPP, specifically, the use of
ABPP for the development of selective inhibitors against proteases that contain
highly similar active sites. van der Stelt and colleagues tackle lipid enzymes, which
present different challenges that can be addressed by ABPP including assaying
integral membrane enzymes without the need for purification. Considering that
proteins do not function in isolation, Kakeya and Ishikawa describe the application
of ABPP for studies of large multidomain protein complexes known as
non-ribosomal peptide synthetases (NRPS). NRPS systems are a rich resource for
the discovery of new antibiotics, and ABPP can provide fresh insights into the
protein machinery required to harness their synthetic potential. As an appropriate
follow-up to the discussion of natural products, Nomura and Maimone describe
mining natural product structures for electrophilic scaffolds that can be converted
into new ABPP probes for protein and inhibitor discovery. Backus concludes the
volume with a provocative overview of the growing number of functional and
druggable sites on proteins being revealed by ABPP through, for instance, global
assessments of cysteine reactivity in biological systems.

In summary, ABPP has emerged as a fundamental technology for the functional
analysis of proteins in native biological systems. Ranging from studies of protein
activity and posttranslational regulation to protein–protein and protein–small
molecule interactions, ABPP is enabling chemists and biologists to address
important basic and translational research problems that have been historically
beyond the reach of more conventional methods. The chapters in this volume
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collectively exemplify the exciting diversity of approaches and applications of
ABPP, with a common theme of enabling new opportunities for discovery in the
fields of microbiology, immunology, and beyond.

La Jolla, USA Benjamin F. Cravatt
Charlottesville, USA Ku-Lung Hsu
Chestnut Hill, USA Eranthie Weerapana
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Abstract Microorganisms living in community are critical to life on Earth, playing
numerous and profound roles in the environment and human and animal health. Though
their essentiality to life is clear, the mechanistic underpinnings of community structure,
interactions, and functions are largely unexplored and in need of function-dependent
technologies to unravel the mysteries. Activity-based protein profiling offers unprece-
dented molecular-level characterization of functions within microbial communities and
provides an avenue to determine how external exposures result in functional alterations
to microbiomes. Herein, we illuminate the current state and prospective contributions of
ABPP as it relates to microbial communities. We provide details on the design,
development, and validation of probes, challenges associated with probing in complex
microbial communities, provide some specific examples of the biological applications of
ABPP in microbes and microbial communities, and highlight potential areas for
development. The future of ABPP holds real promise for understanding and consider-
able impact in microbiome studies associated with personalized medicine, precision
agriculture, veterinary health, environmental studies, and beyond.

Keywords Activity-based protein profiling � Microbiomes � Microbial commu-
nities � Activity-based probes

1 Introduction

Microorganisms impact nearly every facet of life on Earth. Human health, bio-
geochemical cycles, and the maintenance of a food supply all involve microbial
processes. While microbiology is a well-established field, the majority of its history
has been focused on the study of single (i.e., axenic) strains. Though the study of
axenic cultures is important and can be informative, it misses the fact that the
overwhelming majority of microbial life is spent in complex communities with
other microbes. These complex microbial communities can dramatically differ from
axenic cultures in regard to gene expression, protein production, and the metabo-
lism they conduct. Understanding the mechanistic underpinnings of community
structure, interactions, and functions will be critical for understanding more com-
plex biological systems ranging from wetland and soil ecosystems to the human gut
and resulting physiology (Gilbert et al. 2014; Biteen et al. 2016; Fierer 2017).
Additionally, microbiomes are not static, and it will also be necessary to understand
how microbiomes respond to various perturbations.

While the importance of determining the mechanisms that drive microbial
communities is clear, the study of such communities is in its infancy due to its
challenging nature. Ideally, one would have the ability to grow communities in a
controlled fashion and use traditional genetic and biochemical approaches to test a
specific hypothesis. In practice, difficulties isolating microbes from complex
matrices, low biomass recovery, and the inability to grow many microbes in the
laboratory have been major barriers to working with microbial communities.
Furthermore, interindividual and site-specific variance in microbial community
structure and function introduce more layers of complication.

In order to address these difficulties and study microbial communities, a new set
of molecular tools is emerging (Arnold et al. 2016). Recent technological
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developments, such as high-throughput (previously described as ‘next-generation’)
nucleic acid sequencing, have been a major step forward in this regard.
High-throughput sequencing (HTS) has enabled culture-independent detection and
identification of microbes, single-cell sequencing, and the ability to know the
sequence of all the genes present in the complex community (the metagenome). The
utility of HTS approaches can be extended to RNA as well, allowing detection of all
of the actively transcribed genes within a sample (the metatranscriptome). The
ability to study all of the proteins present within a sample (the metaproteome) has
been slower to develop, for reasons discussed in Sect. 3.

The role of HTS techniques in opening up the study of microbial communities
cannot be overstated. At the same time, nucleic acid sequencing has some important
technical and epistemological caveats (Zarraonaindia et al. 2013). Amplification
bias, contamination, undersampling, and a lack of an agreed-upon universal anal-
ysis framework have had an appreciable impact on the ability to draw conclusions
from different studies (Pollock et al. 2018; Weiss et al. 2014; Kim et al. 2017).
More fundamentally, the presence of a gene or transcript does not mean that a
functionally active protein is produced. The limitations of gene annotation and
presence of closely related organisms mean that metagenomic and metatranscrip-
tomic studies can identify potential function but cannot, in themselves, draw a
causal inference between function and gene or organism. Metaproteomics is likely
closer to representing true function, but many enzymes require posttranslational
modifications or cofactors to be active. Thus, there exists a clear need for tools
capable of bridging the gap between the two big questions about any microbial
community system—‘who is there?’ and ‘what are they doing?’.

At present, activity-based protein profiling (ABPP) for microbial community
applications is in its early stages, but there are unprecedented opportunities for
function-dependent studies to reveal the mechanisms of microbial communities
impacting our health and the world around us. ABPP also provides an excellent
avenue to determine how external exposures, such as chemical insults, changing
climate, or altered diets or physiology result in functional alterations to microbiomes.
Herein, we illuminate the current state and prospective contributions of ABPP as it
relates to microbial communities. We will discuss the design, development, and
validation of probes, challenges associated with ABPP in complex microbial com-
munities, provide some specific examples of the biological applications of ABPP in
microbes and microbial communities, and highlight potential areas for development.

2 Probe Design

2.1 Activity- and Affinity-Based Probes for Multimodal
Characterization of Microbiome Function

As described throughout this book and in numerous reviews, chemical probes for
ABPP consist of three moieties: a reactive group that forms an irreversible covalent
bond with a target protein (extracellular or intracellular), a binding group
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(e.g., protein substrate or metabolite) that biases the probes toward a target protein
or protein family and may also impart cell permeability, and a reporter tag for rapid
and sensitive measurement of labeled enzymes. In microbiomes, where so little is
known about organism content or overall functional capacity, the potential power of
probes to reveal the functional landscape is enormous and varying the reactive
groups can yield probing of diverse functions.

The reactive group of the probe can be developed in two ways. First, probes can
incorporate electrophilic moieties that enable selective targeting of intracellular
catalytically active enzymes by a direct mechanism-based reaction between the
enzyme and the probe (Sadler and Wright 2015; Cravatt et al. 2008; Sadaghiani
et al. 2007). Probes of this nature can target hydrolases, kinases, oxidation and
reduction catalyzing enzymes, and others in a direct activity-dependent manner.
The second type of probe mimics a small molecule and preserves the physio-
chemical properties of the small molecule but does not directly react with target
proteins (Dubinsky et al. 2012); therefore, a photoaffinity moiety such as a diazirine
or benzophenone must be incorporated to enable covalent probe-protein binding.
These probes can enable characterization of microbial transporters and intracellular
proteins involved in the metabolism of the small molecule or enzymes utilizing that
small molecule as a cofactor (Romine et al. 2017; Anderson et al. 2016; Nair et al.
2017).

An advantage of ABPP is the ability to characterize the functional capacity of a
microbiome at both cell and protein scales. Multimodal profiling of probe targets by
altering the reactive group can enable sorting and imaging at the cell scale, and
SDS-PAGE and chemoproteomics at the protein scale (Fig. 1). Once proteins are
probe labeled, options exist for directly incorporating a reporter tag (e.g., fluor-
ophore or biotin) in the probe or exploiting click chemistry (CC) reactions to attach
a reporter to the probe after it has bound its target. The latter option maintains a
smaller probe size which can minimize undesirable impacts on reactivity with the
target protein or cell permeability. Furthermore, it permits the user to readily
exchange the type of reporter that is applied based on the desired application and
outcome of the study, and properties of the sample being assayed.

For microbiome characterization, probe-assisted fluorescence-activated cell
sorting (FACS) is a powerful tool for characterizing the functional capacity of the
microbiome at the cell scale. Choosing a fluorophore to enable FACS is dictated by
the background fluorescence of microbiome samples, the fluorescent signal strength
required to detect the desired functional cell type, permeability of the cells to the
fluorophore, and compatibility with other fluorescent reagents. Activity-based
probe-enabled cell sorting enables the isolation of functional guilds of microbial
cells from complex microbiomes. Additionally, probe-enabled sorting can provide
reduced sample complexity to assist with proteomics analyses and partitioning of
cells displaying an active function for subsequent DNA sequencing. Due to
microbiome complexity, as well as redundancy when looking at a specific enzyme
type, cell sorting can help yield a reduced organism search space for comple-
menting proteomic studies (see Sect. 3). Finally, in the future probes may be used
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to isolate functional groups of living organisms from microbiomes for subsequent
cultivation and analytical studies providing an unprecedented view of microbiome
function (Fig. 1).

2.2 Click Chemistry and Sample Analysis

One of the biggest challenges in microbial community research is the complexity of
the sample matrix. For both environmental and host-associated communities,
samples from the native environment are more complex than those from laboratory
media. As will be discussed in Sect. 3, this complicates recovery of biomaterial for
analysis. However, it also complicates the ability to perform otherwise straight-
forward chemistry in the sample. The application of CC approaches to ABPP has
been especially useful where the incorporation of a full reporter tag would impede
probe function and/or in cases where multimodal analyses are desired, e.g.,
chemoproteomics and fluorescence imaging. The most common CC reactions in
ABPP are strain promoted azide–alkyne cycloaddition (SPAAC) and
copper-catalyzed azide–alkyne cycloaddition (CuAAC) (Kolb et al. 2001; Speers
et al. 2003; Agard et al. 2006). Unfortunately, both exhibit a large degree of
non-specific labeling in samples of microbial mats, cecal content, fecal material,

Probe-
single cells

Probe + 
single cells

Phylogenetic 
Analysis or 

Whole Genome
Sequencing

Cultivation

Transcriptomics
Global Proteomics

Imaging / Coupling to 
Alternative Methods (e.g. 

FISH)

Fig. 1 Multimodal analyses of microbial communities by ABPP. Probes can be used for
enrichment and proteomics identification and quantification of target proteins in complex
microbiomes or via attachment of a fluorophore spatial resolution of functional cells and proteins
can be determined and/or cells can be isolated by cell sorting and sequenced. The future may also
see function-dependent live cell sorting for subsequent cultivation and enhanced characterization
of active cells from microbiomes
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and soil (unpublished observations). CuAAC, in addition, has dramatically reduced
efficacy in microbial cell lysate from fecal material or cecal content. This can be
overcome by increasing the concentration of copper, at the expense of increasing
Cu(I)-induced biomolecule damage. To address this, it is possible to ‘pre-click’
alkyne and azide probes to their reporter group prior to probing the sample or to
utilize probes that were synthesized with reporter groups attached. The introduction
of a large and (in the case of fluorophores) charged group to the probe may cause a
reduction in probe labeling. The trade-off between background and possible loss of
signal is likely specific to the probe, sample, and question being addressed.

The complex sample matrix also impacts the ability to analyze samples after
probe labeling. SDS-PAGE of fluorescently labeled sample, the traditional approach
to optimize labeling conditions, often fails to resolve proteins from these more
complex sample matrices (Snelling and Wallace 2017). Two-dimensional
SDS-PAGE gives discrete spots for highly abundant proteins, but still exhibits
strikingly poor resolution of these more complex samples. Thus, there is a clear
need for a high-throughput way to optimize labeling conditions for such samples;
for instance, surface immobilized chemical probes may enable more stringent wash
methods to remove contaminating content. It is important to note that these con-
taminating substances carry through sample preparation (enrichment, washing, and
protein digestion) and are present to some degree in the final sample. They are also
prone to precipitating during LC, potentially plugging columns and emitter tips
during proteomics analyses. Because of this, liquid chromatography–mass spec-
trometry (LC-MS) analysis of samples from complex matrices requires additional
strategies to protect the instrument and produce quality quantitative data.

3 Challenges of Microbiome Proteomics and How ABPP
Can Facilitate

Compared to the exponential growth in studies using HTS for metagenomics and
metatranscriptomics, the use of mass spectrometry-based metaproteomic analyses
of microbial communities has been substantially more limited. The reasons for this
have been discussed in depth elsewhere (Arnold et al. 2016; Heyer et al. 2017;
Hettich et al. 2012; Lee et al. 2017). However, there are two major ABPP-related
hurdles that are important to highlight here. The first hurdle is sample complexity,
which ABPP could help address. While sample complexity is a concern for all mass
spectrometry-based proteomics studies, it is especially important to consider in
metaproteomes from microbial communities. The wide dynamic range of peptide
abundances, co-elution limiting detection of low abundance peptides, and diffi-
culties developing sequence databases are even more pronounced in these highly
complex systems where hundreds to thousands of different taxa may be present.
To address this problem enrichment strategies, sample fractionation, and
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two-dimensional chromatography have all been employed (Biteen et al. 2016;
Moon et al. 2018; Mayers et al. 2017; Gilbert et al. 2016, 2018; Xiao et al. 2017;
Jansson and Hofmockel 2018; Jansson and Baker 2016). However, these steps can
dramatically limit the number of samples that can be analyzed. ABPP could serve as
an excellent tool to address this problem. Using ABPP, it is possible to reduce
sample complexity while retaining information about relevant proteins. It is
important to note that the diverse nature of microbial communities and their
environments mean that each sample type will require to optimization of labeling
and enrichment conditions which may be difficult for low biomass samples. To
circumvent this, similar but more easily obtained matrices can be employed for
protocol development.

The other major hurdle facing proteomic analysis of microbial communities is
the development of a suitable sequence database. Ideally, a matched metagenome is
available for that specific sample. This is rarely possible due to cost and limited
available biomass. As such, a database will often need to be constructed from
available genomes. There are three specific problems that must be considered:
sequence availability, database size, and functional prediction.

The first is the lack of complete, closed genome sequences for many environ-
mental organisms. While genomes for phylogenetically similar organisms may be
available, it is difficult to know how well matched the available sequence and the
actual sequence are without doing metagenomic sequencing. For some frequently
studied microbial communities (e.g., human gut microbiota), multiple metagenomes
are available to the scientific community. This raises the second problem: for many
less studied microbial communities, these resources are unavailable. In these cases,
one approach is to use a large database of all available protein sequences. This
comes with its own difficulties, including redundant protein sequences and failure
of traditional statistical methods to work with such large databases. Several
approaches to address this problem have been developed over the past few years
(ComPIL, MetaLab, etc.) (Chatterjee et al. 2016; Zhang et al. 2016; Cheng et al.
2017). Such tools will likely play a key role in successfully drawing conclusions out
of massive proteomics datasets.

Regardless of how the sequence database is constructed, the identified proteins
need to have some predicted function associated with them in order to use these
data to begin to tease out the biological mechanisms. This presents the third
challenge: the current state of functional annotation and prediction. While the use of
homology-based functional prediction is widespread and can be incredibly pow-
erful, misannotations and lack of annotation for genes in many environmental or
unculturable organisms introduce a major caveat to the analysis of proteomics data
from complex microbial communities. This is also another challenge that ABPP
could help to address. Probes for specific activities such as serine-catalyzed
hydrolysis or ATP hydrolysis have been used by our group and others to predict
function for previously unannotated proteins in Mycobacterium tuberculosis
(Ortega et al. 2016). Such a strategy could be readily extended to complex
microbial communities to identify proteins of interest for further study.
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Additionally, as mentioned in Sect. 4.1, probe-assisted cell sorting can provide a
way to enhance database quality for particular functional guilds within a micro-
biome and provide much improved proteomics analyses.

4 Biological Applications for ABPP

The use of ABPP in microbial communities has thus far been very limited, due in
part to the technical challenges discussed above. However, there have been some
excellent studies employing this strategy or a similar approach to characterize the
active members within communities. Here, we will highlight the use of ABPP and
other strategies employing activity-based probes to study function within both
host-associated and environmental microbial communities.

4.1 Host-Associated Microbial Communities

Host-associated microbiome research has grown exponentially in the past decade, with
the human gut microbiome being the major focus. The microorganisms that inhabit the
human gut play a role in an ever-expanding list of human biological processes ranging
from production of neurotransmitters to the development of the immune system [re-
viewed in Rooks and Garrett (2016), Mayer et al. (2015)]. If the mechanisms
underlying these community interactions could be better understood, this could rep-
resent a new point of intervention for a number of diseases. This will require
answering the two major questions of microbial communities: ‘who’s there?’ and
‘what are they doing?’. The development of HTS has helped to answer the former. The
latter question has been more difficult to answer due to the epistemological limits
discussed above; metagenomics and metatranscriptomics can describe potential
function but cannot themselves demonstrate that an activity is truly present. Here, we
highlight two particular areas of host-associated microbiome research where ABPP
could be a powerful tool: xenobiotic metabolism and bile acid metabolism and sig-
naling. However, the potential utility of ABPP in gut microbiome research is far
ranging, and it will be of interest to see its role in this field moving forward.

4.1.1 Xenobiotic Metabolism

Broadly speaking, host metabolism of xenobiotics (compounds foreign to the
mammalian body including dietary compounds, environmental pollutants, and
drugs) occurs in two steps called phase I and phase II metabolism. Phase I meta-
bolism typically consists of a redox reaction that increases compound polarity. This
is most often a cytochrome P450- or flavin-containing monooxygenase-catalyzed
oxidation to generate or uncover a reactive moiety on the xenobiotic. In phase II
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metabolism, a transferase typically conjugates a hydrophilic group such as a sulfate
or glucuronate to the previously generated reactive moiety to increase solubility and
aid in excretion (Koppel et al. 2017). Importantly, gut microbiota can impact
metabolism of xenobiotics through multiple routes (i.e., deconjugation, reduction,
or modification of gene expression). Modulation of xenobiotic metabolism by gut
microbiota has been shown to impact liver function, immune development, and
drug efficacy and may serve as a major system through which host–microbiota
interaction occurs (Sousa et al. 2008; Wallace et al. 2010).

While our understanding of the underlying molecular mechanisms is in its
infancy, there are an appreciable number of pre-HTS studies focused on the ability
of gut microbes to metabolize xenobiotics (Sousa et al. 2008; Scheline 1968;
Savage 2001). Much of the early work describing these reactions was done com-
paring metabolism in colonized and germ-free animals. If a particular transforma-
tion was observed in the colonized animals but not in the germ-free animals, the
microbiota was presumed to be responsible. Alternatively, microbiota isolated from
a host was incubated in vitro with the xenobiotic of interest, and if biotransfor-
mation was observed then the microbiota could potentially be responsible for the
same reaction in vivo. While such approaches were sufficient to implicate micro-
biota in xenobiotic metabolism, there is a major limitation to such studies; these
approaches cannot identify the (potentially multiple) enzymes or taxa responsible
for that biotransformation in vivo. Such information would be useful in the design
of probiotics, inhibitors, or screening tools depending on the impact of the bio-
transformation on the host. ABPP could serve as a powerful tool to aid in these
identifications.

As discussed in Sect. 2, one of the principle strategies for probe design in ABPP
is to use known mechanism-based, irreversible inhibitors for the enzyme class of
interest as the basis for the probe binding and reactive groups of the probe.
Unfortunately, very little knowledge is available regarding the protein structure or
exact reaction mechanism of many of the enzymes produced by gut microbiota.
Chemical transformations that are mediated by the microbiome have been char-
acterized, which may be sufficient in some cases for probe design. These include
hydrolytic reactions, lyase reactions, reductive transformations, polysaccharide
degradation and utilization, functional group transfers, conjugations, and radical
catalyzed reactions (Koppel et al. 2017; Spanogiannopoulos et al. 2016; Koppel and
Balskus 2016). For some of these reactions, proteolysis and polysaccharide
degradation in particular, probe designs already exist and have been employed
eukaryotic and prokaryotic systems. For other reactions such as reductions and
conjugations novel probes will need to be developed and validated.

Reduction of alkenes, azo-groups, nitro-groups, and sulfoxide groups by gut
microbiota has been well documented (Sousa et al. 2008). In fact, one of the best
examples of connecting a metabolic reaction to a particular organism is the
reduction of digoxin to dihydrodigoxin by the gut microbe Eggerthella lenta
(Haiser et al. 2014; Haiser et al. 2013). While general reductase reaction mecha-
nisms are understood, they often lack a covalent substrate–enzyme complex that a
probe can be designed to capture. A reductase probe strategy could be inspired by
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probes for their enzymatic opposites, oxidases. Probes for cytochrome P450
enzymes and monoamine oxidases involve the generation of a reactive intermediate
(a ketene or iminium-containing Michael acceptor, respectively), which can react
with nearby residues in the enzyme (Wright et al. 2009; Krysiak et al. 2012).
Depending on the reactivity of this intermediate, however, the probe can diffuse and
label nearby enzymes other than the target. An alternative would be photoreactive
reversible inhibitors, although these can result in off-target labeling as well.

One of the important functions of gut microbiota is the degradation of
polysaccharides via glycoside hydrolases (GHs) and polysaccharide lyases.
Importantly, microbiota possesses not only enzymes capable of degrading dietary
polysaccharides, but also GHs capable of removing glucuronic acids from xeno-
biotics. One of the major reactions in phase II metabolism is the conjugation of a
glucuronic acid to xenobiotics to form a glucuronide. Glucuronides can then be
transported to the gut where microbial GHs (specifically b-glucuronidases) can
deconjugate the glucuronic acid from the xenobiotic, regenerating the metabolite.
This can lead to altered pharmacodynamics and potentially severe side effects. The
chemotherapeutic irinotecan can interact with microbial glucuronidases in this
manner, leading to dose-limiting severe diarrhea. In seminal work, Redinbo and
colleagues showed that this process could be inhibited by co-administration of
bacterial-specific b-glucuronidases inhibitors (Wallace et al. 2010; Wallace et al.
2015). Nonetheless, the specific taxa responsible for this activity remain unidenti-
fied. Recently, our group has developed a FACS-based platform to isolate and
identify cells responsible for deglucuronidation in vivo (manuscript pending).
Additionally, Overkleeft and colleagues recently described synthesis and applica-
tion of irreversible inhibitors for retaining b-glucuronidases (Wu et al. 2017). While
initially demonstrated in human systems, such probes can be applied to label and
identify microbial b-glucuronidases as well (unpublished observations).

4.1.2 Bile Acid Metabolism and Signaling

In addition to xenobiotics, gut microbiota can also act on endogenous metabolites.
Some of the most abundant metabolites present in the gut are bile acids and salts.
Primary bile acids are amphipathic, cholesterol-derived steroids that are produced in
the liver and aid in the emulsification of lipids during digestion (Joyce and Gahan
2016; Li and Chiang 2014). When a bile acid is conjugated to an amino acid
(taurine and glycine in humans), the more water-soluble bile salt is produced.
Eventually, the bile salt enters the gut where it can be altered by bacterial enzymes.
There are two subsequent modifications that can occur. The first is deconjugation of
the amino acid by bile salt hydrolases (BSHs), regenerating the bile acid. The newly
regenerated bile acid can then undergo the second modification, which is an
alteration of the sterol core via redox reaction or isomerization. The resulting
compound is called a secondary bile acid.

In addition to their role in emulsification bile acids are also potent signaling
molecules, activating host nuclear receptors such as the farnesoid X receptor
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(FXR) and G-protein coupled receptors such as TGR5. These signaling events
influence energy metabolism and dysregulation that may play a role in the devel-
opment of liver disease and metabolic disorders such as diabetes and obesity (Li
and Chiang 2014). Secondary bile acids, which result from gut microbiota trans-
formation of primary bile acids, are structurally distinct from their parent com-
pounds. This can lead to altered receptor binding and thus signaling activity (Joyce
and Gahan 2016).

Recently, Lei and colleagues developed bile acid-derived photoreactive probes
(Zhuang et al. 2017). Using a competition-based approach, they identified known
and novel bile acid-interacting proteins in HeLa cells including carnitine palmitoyl
transferase 1A (CPT1A) and ADP-dependent glucokinase (ADPGK). Such probes
could be useful in microbial systems as well and could help identify the enzymes
and microbes that are responsible for primary bile acid transformation. Furthermore,
bile acids are known to trigger germination of some microbial spores, indicating
that there are likely other important bile acid binding proteins to be identified
(Francis et al. 2013).

The opportunity to utilize ABPP for characterization and quantification bile acid
regulation and signaling in the gut microbiota and host tissues is significant. The
development of function-dependent approaches in this research realm has been
hindered by the lack of technologies capable of identifying mechanistic relation-
ships between bile salt hydrolase activity, the specific enzymes, and taxa within the
microbiome that are directly responsible for metabolism, and the host pathways that
respond to bile acids. ABPP will have a role in identifying the levels of functionally
active bile salt hydrolases in the gut microbiome in healthy and diseased individ-
uals, determining the specific microbes capable of transporting and metabolizing
specific bile acids, and revealing interactions between specific bile acids and host
nuclear receptors. ABPP can be used to dissect bile acid metabolism and signaling
to yield an improved understanding of the mechanisms at play and the role of bile
acids in metabolic disease and response to various exposures.

4.2 Environmental Microbial Communities

Like host-associated microbial communities, interest in environmental microbial
communities (such as those found in soil or in marine environments) has increased
recently, in large part due to the ability to use HTS as an approach to study
communities in a culture-free manner. Also, like host-associated communities,
environmental communities have seen limited application of ABPP. ABPP has
been used to study axenic cultures of environmental microbes such as nitrifying
bacteria, extremophilic archaea, and cellulolytic bacteria (Chauvigne-Hines et al.
2012; Bennett et al. 2016; Zweerink et al. 2017; Sadler et al. 2014; Ansong et al.
2014). Because ABPP does not require the ability to genetically manipulate
organisms or the use of antibodies, it may prove especially useful in the study of
microbial communities where those tools are often not available.
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4.2.1 Metabolic Activity and Translation

Heterogeneity between microbial cells has is increasingly being understood to play
a key role in community function and survival. This is especially relevant when
considering structurally complex communities such as biofilms, where concentra-
tion gradients of nutrients and terminal electron acceptors impact cell physiology
(Jansson and Hofmockel 2018; Deveau et al. 2018). Where HTS-based analysis of
community composition cannot easily distinguish between active and inactive cells,
ABPP can. The capacity to switch the probes’ reporter groups from affinity reagents
(e.g., biotin) to fluorophores enables imaging as well. This provides structural
information about where the active cells and proteins are localized that would
otherwise require genetic manipulation—often not possible in environmental iso-
lates—or the use of immunoreagents such as antibodies, which are not often
available commercially and must be generated and validated.

While not targeted at a specific class of enzymes such as proteases or glycoside
hydrolases, bioorthogonal noncanonical amino acid targeting (BONCAT) has been
employed to detect newly translated proteins and translationally active cells within
complex microbial communities. BONCAT has been successfully utilized in the
study of planktonic marine and slow-growing archaeal communities to identify
actively translating microbes (Leizeaga et al. 2017; Hatzenpichler et al. 2016).
Unlike axenic systems, however, BONCAT in microbial communities has not yet
been extended to identification of the newly translated proteins themselves. In part,
this is due to the complications mentioned above.

General measures of metabolic activity, such as active respiration, DNA/RNA
synthesis, and membrane integrity have all been used to identify active members
within microbial communities (Mou et al. 2008; Maurice et al. 2013). As with
BONCAT, these tools have also been coupled to FACS to allow isolation of the
active population as well. While these approaches may help to identify live/active
cells, they are not designed to directly identify which organisms and enzymes are
responsible for a given activity, which is often the more interesting question. Tools
capable of labeling and isolating microbes and enzymes based on a more specific
function, such as ABPs, will be needed to fill these knowledge gaps.

4.2.2 Vitamin Metabolism

Vitamins and other micronutrients can influence microbial communities in multiple
ways primarily by acting as cofactors or precursors to cofactors. As these com-
pounds are often energetically ‘expensive’ to produce, microbial communities often
consist of both organisms capable of producing the vitamin themselves (aux-
otrophs) and those that must uptake the vitamin from the environment (hetero-
trophs). Thus, the exchange of vitamins between cells within an environment may
play a key role in community dynamics (Konopka et al. 2015). The dynamic
microbial interactions involving vitamins also means that they are critical to the
formation and fitness of microbiomes in general (Degnan et al. 2014).
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As vitamins are involved in a variety of biochemical reactions, a single reaction
mechanism-based strategy would likely be insufficient to capture vitamin utilizing
enzymes. Additionally, vitamins often affect biological change via non-covalent
binding events and characterizing the transporters involved in their cellular incor-
poration is also important. In order to capture vitamin-interacting proteins, ABPP
focused on vitamins has utilized photoreactive tags. By incorporating diazirine and
alkyne-containing amino acids into the parent molecules, our group has applied B1

(thiamine), B2 (riboflavin), and B7 (biotin)-based ABPs to the photosynthetic
thermophile Chloroflexus aurantiacus, which can be found in microbial mats
(Anderson et al. 2016). This work successfully identified a number of proteins
including transporters, kinases, and fatty acid biosynthesis machinery. Importantly,
we were also able to enrich a number of proteins that were undetectable using a
global proteomics approach, demonstrating that ABPP can be used to enrich
otherwise undetectable targets in microbial systems.

One B vitamin group, B12 (cobalamin), has attracted particular attention in
regard to microbial communities. B12 is exclusively synthesized by bacteria and
archaea, and its de novo synthesis is energetically and genetically costly, requiring
nearly 30 enzymes (Martens et al. 2002; Roth et al. 1993). As such, most organisms
will uptake B12 from the environment rather than produce it for themselves (aux-
otrophy). B12 availability has been postulated to influence microbial communities in
the gut and marine ecosystems, but exact mechanisms remain poorly understood.
Our group has also synthesized a B12 mimic that contains a diazirine for pho-
tocrosslinking to nearby proteins and an alkyne to enable CuAAC (Romine et al.
2017). Using this probe, we were able to identify proteins involved in folate,
methionine, and ubiquinone metabolism as well as a light-sensing transcription
factor in the environmental microbe Halomonas sp. HL-48 (Romine et al. 2017).
We determined that vitamin B12 acts as a novel regulator of various microbial
functions and intercellular interactions. Most recently, we have shown that our B12

probe mimics the natural vitamin almost perfectly, such that microbes can be
cultured with the probe as the sole source of B12 (Rosnow et al. 2018). This allows
for the direct identification of macromolecule-B12 interactions including proteins,
DNA, and RNA throughout the growth phase of a microbe or microbiome. We
anticipate that future studies will incorporate vitamin or other metabolite-based
affinity probes to understand their roles and interactions in complex communities.

4.2.3 Community Signaling

The ability of individual cells to interact with each other via signaling systems is a
key feature of microbial communities. One of the best examples of such signaling is
quorum sensing (QS), in which a microbe is able to sense the presence and
abundance of nearby organisms. While this phenomenon is best understood in
proteobacteria, analogous systems in microbes form all domains of life (Atkinson
and Williams 2009). Fundamentally, QS systems consist of two components: a
small, diffusible signal and a response regulator that controls the physiological
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response. The diffusible signals are chemically diverse, ranging from short peptides
to isoprenoids to N-acyl homoserine lactones. As QS systems play a critical role in
community-level behaviors such as biofilm formation, the ability to identify
organisms and enzymes involved in QS signal transduction will likely be key to
understanding how microbial communities develop and function. Photoaffinity
probes based on QS molecules have been designed and applied to axenic
Pseudomonas aeruginosa and mammalian cells (Dubinsky et al. 2009; Garner et al.
2011; Baker et al. 2017). Application of such probes could be extended to microbial
communities as well and may help to better establish the role QS systems play in
interspecies interaction.

In addition to QS systems, certain metabolites such as peptidoglycan, vitamin
metabolites, and indoles can act as signaling molecules. Peptidoglycan makes up
the cell wall of most bacteria, and peptidoglycan synthesis is required for cell
growth and division. Thus, the availability of free peptidoglycan may serve as an
indicator of favorable growth conditions to nearby bacterial cells (Dworkin 2014).
Indeed, metabolic activity, cell growth, and cell division are regulated by
peptidoglycan-sensing serine/threonine kinases in taxa such as Bacillus subtilis,
Mycobacterium tuberculosis, and Streptococcus pneumoniae (Shah et al. 2008; Mir
et al. 2011; Beilharz et al. 2012). Peptidoglycan metabolites can also influence
eukaryotic microbes as well. In Candida albicans, a gut-associated fungal taxa,
N-acetylglucosamine signaling was shown to influence physiological changes
necessary for mating (Huang et al. 2010). Peptidoglycan is also an important
pathogen-/microbial- associated molecular pattern (PAMP or MAMP respectively)
sensed by the mammalian immune system and plays a key role in the induction and
management of the inflammatory response (Dworkin 2014). This is also true of
folate, tryptophan, and retinoid metabolites, which are known to influence immune
development and activity at mucosal sites (van de Pavert et al. 2014; Kjer-Nielsen
et al. 2012; Schiering et al. 2017).

Probes based on these metabolites would be unique and powerful tools to define
these interactions in actual community systems. However, the design of such probes
is challenging. The binding modes between these signals and their receptors are
non-covalent, necessitating the use of a photoaffinity tag. Depending on the size of
the metabolite, this tag may introduce a relatively small change in size (such as
vitamin B12) or a large change (such as indole derivatives). The placement of such a
tag is critical to whether or not the probe will exhibit the same binding behavior as
the native metabolite. If available, protein crystal structures can be helpful to
identify potential modification sites that may have limited impact on binding. Given
the limited number of protein structures for many environmental microbes, structure
prediction tools such as Phyre2 are particularly useful in this area (Kelley et al.
2015). For smaller metabolites probe design can be especially challenging, as most
of the synthetically accessible sites (amines, carboxylates, alcohols, etc.) are often
essential for protein binding. As such, it may be necessary to employ a subtractive
approach where a general reactive group is competed with the native substrate in
order to successfully profiling small metabolite–protein interactions.
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5 Current Challenges and Outlook

The application of ABPP to study microbial communities remains promising,
though critical challenges in sample preparation, probe design, and database
availability will need to be addressed (Fig. 2). The presence of a complex, often
undefined sample matrix complicates peptide analysis, click chemistry, and
potentially even probe labeling. All ABPP strategies fundamentally rely on a
chemical ‘warhead,’ a group that is prone to making covalent bonds with an
enzyme when that enzyme participates in a reaction. The presence of both biotic
and abiotic molecules such as carbohydrates, salts, and surfactants can all interfere
with this reaction by quenching the reactive group or inhibiting the enzyme. While
this can be somewhat controlled for in laboratory culture, ‘real-world’ samples
consist of such chemically diverse substituents that removing them all from the cells
is often impossible. Strategies that incorporate a non-denaturing purification step,
such as size-exclusion chromatography prior to assaying for activity, may be useful
to clean up samples before labeling, at the cost of destroying the native cellular
environment (Beller et al. 2018). Alternatively, strategies such as an enzymatic
digest to break up a defined matrix can be employed. Post-probe labeling,
SDS-PAGE or 2D-DIGE to cut out fluorescence protein bands can also be effective
in some sample types.

Activity-Based 
Probes

Identifcation of Novel Organisms
Fluorescent ABPs can be coupled to cell 
sorting to isolate active cells from a com-
plex community for culture or single cell 
sequencing
Challenges: Specialized equipment 
required, maintaining cell viability during 
labeling and isolation.

Functional Annotation of Proteins
Microbial communities may have many 
unannotated or misannotated proteins. 
ABPs can provide experimental evidence of 
function along with protein identification.
Challenges: Validation of evidence, devel-
opment of high-specificity probes.

Hypothetical Protein

Annotated Function

+

Identification of Active Enzymes
ABPP can supplement metagenomics by 
identifying and measuring active proteins 
within a  sample.
Challenges: Development of a suitable 
sequence database and sample cleanup 
for proteomics.

Analysis of Spatial Distribution of Activity
Bulk analysis disregards the spatial component 
of activity within microbial communities. 
Coupling ABPP to imaging enables more precise 
characterization of how physical space and func-
tion interact.
Challenges: Click chemistry in complex matrices 
and cell permeability of probes.

Fig. 2 Potential applications and challenges for ABPs in microbial communities. Once designed,
probes can be used coupled to an enrichable moiety or surface. The probes can then be used for
ABPP to identify and quantify active enzymes (top left) or used to functionally annotate proteins
of unknown function (top right). Alternatively, the probe can be coupled to a fluorophore and then
applied to the sample. This allows the use of FACS to isolate microbes possessing that function for
cultivation or sequencing (bottom left) as well as imaging to study the spatial distribution of
activity (bottom right)
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Probe development for microbial communities also remains a challenge. Most
activity-based probes take inspiration from known irreversible inhibitors of an
enzyme or enzyme class. Historically, the development and characterization of
these compounds have mainly been to study or act as a therapeutic for a mammalian
system. The same enzyme class or metabolic pathway may not be present in the
phylogenetically distant fungi and prokaryotes. While there are some irreversible
inhibitors of microbial systems (penicillin, artemisinin, difluoromethylornithine,
etc.), they are mostly antimicrobial and cannot be used studies where the organisms
need to be viable. Alternatively, probes can be designed with some knowledge of
the reaction mechanism. For enzymes where homologs are present in commonly
studied microbes, such as E. coli or C. albicans, mechanisms and structures may
already be described. Given that such probes often need to be optimized and
validated, assumptions based on homology may not be optimal for preliminary
studies. In the near term, it will likely be more beneficial to utilize either a sub-
tractive approach or photoaffinity probes based on the substrate of interest.

Despite these challenges, activity-based approaches are powerful tools for the
study of complex microbial communities. At present, the functional capacity of
microbiomes is largely inferred from genomic and transcriptomic data. Determining
the contribution of individual microbial species and enzymes for a particular
function is largely outside the capability of existing technologies. ABPP has a real
potential to make specific measurements to report upon the functional ‘health’ of a
microbiome. Within medicine, ABPP provides a platform to evaluate individual
variability and susceptibility to diseases, to understand consequences associated
with exposures in adults and developing children, and track microbe functions
longitudinally throughout the development of an individual. ABPP may also be
used to characterize functions associated with nutrient acquisition in soil/aquatic
microbiomes. If successful, one could imagine agricultural fields, marginal lands, or
other environmental sites (e.g., those undergoing bioremediation) being temporally
tested and the data used for ‘prescriptive’ amendments to alter plant productivity,
test for other features of soil health, or to improve ecosystem health. Such insights
offered by ABPP constitute a major advancement in our understanding of complex
microbial communities and will lay a foundation for new strategies to improve
agricultural productivity, bioremediation efforts, and human health.

References

Agard NJ, Baskin JM, Prescher JA, Lo A, Bertozzi CR (2006) A comparative study of
bioorthogonal reactions with azides. ACS Chem Biol 1(10):644–648

Anderson LN, Koech PK, Plymale AE, Landorf EV, Konopka A, Collart FR, Lipton MS,
Romine MF, Wright AT (2016) Live cell discovery of microbial vitamin transport and
enzyme-cofactor interactions. ACS Chem Biol 11(2):345–354. https://doi.org/10.1021/
acschembio.5b00918

16 C. Whidbey and A. T. Wright

http://dx.doi.org/10.1021/acschembio.5b00918
http://dx.doi.org/10.1021/acschembio.5b00918


Ansong C, Sadler NC, Hill EA, Lewis MP, Zink EM, Smith RD, Beliaev AS, Konopka AE,
Wright AT (2014) Characterization of protein redox dynamics induced during light-to-dark
transitions and nutrient limitation in cyanobacteria. Front Microbiol 5:325. https://doi.org/10.
3389/fmicb.2014.00325

Arnold JW, Roach J, Azcarate-Peril MA (2016) Emerging technologies for gut microbiome
research. Trends Microbiol 24(11):887–901. https://doi.org/10.1016/j.tim.2016.06.008

Atkinson S, Williams P (2009) Quorum sensing and social networking in the microbial world. J R
Soc Interface 6(40):959–978. https://doi.org/10.1098/rsif.2009.0203

Baker YR, Hodgkinson JT, Florea BI, Alza E, Galloway W, Grimm L, Geddis SM, Overkleeft HS,
Welch M, Spring DR (2017) Identification of new quorum sensing autoinducer binding
partners in Pseudomonas aeruginosa using photoaffinity probes. Chem Sci 8(11):7403–7411.
https://doi.org/10.1039/c7sc01270e

Beilharz K, Novakova L, Fadda D, Branny P, Massidda O, Veening JW (2012) Control of cell
division in Streptococcus pneumoniae by the conserved Ser/Thr protein kinase StkP. Proc Natl
Acad Sci U S A 109(15):E905–E913. https://doi.org/10.1073/pnas.1119172109

Beller HR, Rodrigues AV, Zargar K, Wu YW, Saini AK, Saville RM, Pereira JH, Adams PD,
Tringe SG, Petzold CJ, Keasling JD (2018) Discovery of enzymes for toluene synthesis from
anoxic microbial communities. Nat Chem Biol. https://doi.org/10.1038/s41589-018-0017-4

Bennett K, Sadler NC, Wright AT, Yeager C, Hyman MR (2016) Activity-based protein profiling
of ammonia monooxygenase in Nitrosomonas europaea. Appl Environ Microbiol 82(8):2270–
2279. https://doi.org/10.1128/AEM.03556-15

Biteen JS, Blainey PC, Cardon ZG, Chun M, Church GM, Dorrestein PC, Fraser SE, Gilbert JA,
Jansson JK, Knight R, Miller JF, Ozcan A, Prather KA, Quake SR, Ruby EG, Silver PA,
Taha S, van den Engh G, Weiss PS, Wong GC, Wright AT, Young TD (2016) Tools for the
microbiome: nano and beyond. ACS Nano 10(1):6–37. https://doi.org/10.1021/acsnano.
5b07826

Chatterjee S, Stupp GS, Park SK, Ducom JC, Yates JR 3rd, Su AI, Wolan DW (2016) A
comprehensive and scalable database search system for metaproteomics. BMC Genom 17
(1):642. https://doi.org/10.1186/s12864-016-2855-3

Chauvigne-Hines LM, Anderson LN, Weaver HM, Brown JN, Koech PK, Nicora CD,
Hofstad BA, Smith RD, Wilkins MJ, Callister SJ, Wright AT (2012) Suite of activity-based
probes for cellulose-degrading enzymes. J Am Chem Soc 134(50):20521–20532. https://doi.
org/10.1021/ja309790w

Cheng K, Ning Z, Zhang X, Li L, Liao B, Mayne J, Stintzi A, Figeys D (2017) MetaLab: an
automated pipeline for metaproteomic data analysis. Microbiome 5(1):157. https://doi.org/10.
1186/s40168-017-0375-2

Cravatt BF, Wright AT, Kozarich JW (2008) Activity-based protein profiling: from enzyme
chemistry to proteomic chemistry. Annu Rev Biochem 77:383–414. https://doi.org/10.1146/
annurev.biochem.75.101304.124125

Degnan PH, Taga ME, Goodman AL (2014) Vitamin B12 as a modulator of gut microbial
ecology. Cell Metab 20(5):769–778. https://doi.org/10.1016/j.cmet.2014.10.002

Deveau A, Bonito G, Uehling J, Paoletti M, Becker M, Bindschedler S, Hacquard S, Herve V,
Labbe J, Lastovetsky OA, Mieszkin S, Millet LJ, Vajna B, Junier P, Bonfante P, Krom BP,
Olsson S, van Elsas JD, Wick LY (2018) Bacterial-fungal interactions: ecology, mechanisms
and challenges. FEMS Microbiol Rev 42(3):335–352. https://doi.org/10.1093/femsre/fuy008

Dubinsky L, Jarosz LM, Amara N, Krief P, Kravchenko VV, Krom BP, Meijler MM (2009)
Synthesis and validation of a probe to identify quorum sensing receptors. Chem Commun
(Camb) 47:7378–7380. https://doi.org/10.1039/b917507e

Dubinsky L, Krom BP, Meijler MM (2012) Diazirine based photoaffinity labeling. Bioorg Med
Chem 20(2):554–570. https://doi.org/10.1016/j.bmc.2011.06.066

Dworkin J (2014) The medium is the message: interspecies and interkingdom signaling by
peptidoglycan and related bacterial glycans. Annu Rev Microbiol 68:137–154. https://doi.org/
10.1146/annurev-micro-091213-112844

Activity-Based Protein Profiling—Enabling Multimodal … 17

http://dx.doi.org/10.3389/fmicb.2014.00325
http://dx.doi.org/10.3389/fmicb.2014.00325
http://dx.doi.org/10.1016/j.tim.2016.06.008
http://dx.doi.org/10.1098/rsif.2009.0203
http://dx.doi.org/10.1039/c7sc01270e
http://dx.doi.org/10.1073/pnas.1119172109
http://dx.doi.org/10.1038/s41589-018-0017-4
http://dx.doi.org/10.1128/AEM.03556-15
http://dx.doi.org/10.1021/acsnano.5b07826
http://dx.doi.org/10.1021/acsnano.5b07826
http://dx.doi.org/10.1186/s12864-016-2855-3
http://dx.doi.org/10.1021/ja309790w
http://dx.doi.org/10.1021/ja309790w
http://dx.doi.org/10.1186/s40168-017-0375-2
http://dx.doi.org/10.1186/s40168-017-0375-2
http://dx.doi.org/10.1146/annurev.biochem.75.101304.124125
http://dx.doi.org/10.1146/annurev.biochem.75.101304.124125
http://dx.doi.org/10.1016/j.cmet.2014.10.002
http://dx.doi.org/10.1093/femsre/fuy008
http://dx.doi.org/10.1039/b917507e
http://dx.doi.org/10.1016/j.bmc.2011.06.066
http://dx.doi.org/10.1146/annurev-micro-091213-112844
http://dx.doi.org/10.1146/annurev-micro-091213-112844


Fierer N (2017) Embracing the unknown: disentangling the complexities of the soil microbiome.
Nat Rev Microbiol 15(10):579–590. https://doi.org/10.1038/nrmicro.2017.87

Francis MB, Allen CA, Shrestha R, Sorg JA (2013) Bile acid recognition by the Clostridium
difficile germinant receptor, CspC, is important for establishing infection. PLoS Pathog 9(5):
e1003356. https://doi.org/10.1371/journal.ppat.1003356

Garner AL, Yu J, Struss AK, Lowery CA, Zhu J, Kim SK, Park J, Mayorov AV, Kaufmann GF,
Kravchenko VV, Janda KD (2011) Synthesis of ‘clickable’ acylhomoserine lactone quorum
sensing probes: unanticipated effects on mammalian cell activation. Bioorg Med Chem Lett 21
(9):2702–2705. https://doi.org/10.1016/j.bmcl.2010.11.122

Gilbert JA, Blaser MJ, Caporaso JG, Jansson JK, Lynch SV, Knight R (2018) Current
understanding of the human microbiome. Nat Med 24(4):392–400. https://doi.org/10.1038/nm.
4517

Gilbert JA, Jansson JK, Knight R (2014) The Earth Microbiome project: successes and aspirations.
BMC Biol 12:69. https://doi.org/10.1186/s12915-014-0069-1

Gilbert JA, Quinn RA, Debelius J, Xu ZZ, Morton J, Garg N, Jansson JK, Dorrestein PC, Knight R
(2016) Microbiome-wide association studies link dynamic microbial consortia to disease.
Nature 535(7610):94–103. https://doi.org/10.1038/nature18850

Haiser HJ, Gootenberg DB, Chatman K, Sirasani G, Balskus EP, Turnbaugh PJ (2013) Predicting
and manipulating cardiac drug inactivation by the human gut bacterium Eggerthella lenta.
Science 341(6143):295–298. https://doi.org/10.1126/science.1235872

Haiser HJ, Seim KL, Balskus EP, Turnbaugh PJ (2014) Mechanistic insight into digoxin
inactivation by Eggerthella lenta augments our understanding of its pharmacokinetics. Gut
Microbes 5(2):233–238. https://doi.org/10.4161/gmic.27915

Hatzenpichler R, Connon SA, Goudeau D, Malmstrom RR, Woyke T, Orphan VJ (2016)
Visualizing in situ translational activity for identifying and sorting slow-growing
archaeal-bacterial consortia. Proc Natl Acad Sci U S A 113(28):E4069–4078. https://doi.org/
10.1073/pnas.1603757113

Hettich RL, Sharma R, Chourey K, Giannone RJ (2012) Microbial metaproteomics: identifying the
repertoire of proteins that microorganisms use to compete and cooperate in complex
environmental communities. Curr Opin Microbiol 15(3):373–380. https://doi.org/10.1016/j.
mib.2012.04.008

Heyer R, Schallert K, Zoun R, Becher B, Saake G, Benndorf D (2017) Challenges and
perspectives of metaproteomic data analysis. J Biotechnol 261:24–36. https://doi.org/10.1016/j.
jbiotec.2017.06.1201

Huang G, Yi S, Sahni N, Daniels KJ, Srikantha T, Soll DR (2010) N-acetylglucosamine induces
white to opaque switching, a mating prerequisite in Candida albicans. PLoS Pathog 6(3):
e1000806. https://doi.org/10.1371/journal.ppat.1000806

Jansson JK, Baker ES (2016) A multi-omic future for microbiome studies. Nat Microbiol 1:16049.
https://doi.org/10.1038/nmicrobiol.2016.49

Jansson JK, Hofmockel KS (2018) The soil microbiome-from metagenomics to metaphenomics.
Curr Opin Microbiol 43:162–168. https://doi.org/10.1016/j.mib.2018.01.013

Joyce SA, Gahan CG (2016) Bile acid modifications at the microbe-host interface: potential for
nutraceutical and pharmaceutical interventions in host health. Annu Rev Food Sci Technol
7:313–333. https://doi.org/10.1146/annurev-food-041715-033159

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ (2015) The Phyre2 web portal for
protein modeling, prediction and analysis. Nat Protoc 10(6):845–858. https://doi.org/10.1038/
nprot.2015.053

Kim D, Hofstaedter CE, Zhao C, Mattei L, Tanes C, Clarke E, Lauder A, Sherrill-Mix S,
Chehoud C, Kelsen J, Conrad M, Collman RG, Baldassano R, Bushman FD, Bittinger K
(2017) Optimizing methods and dodging pitfalls in microbiome research. Microbiome 5(1):52.
https://doi.org/10.1186/s40168-017-0267-5

Kjer-Nielsen L, Patel O, Corbett AJ, Le Nours J, Meehan B, Liu L, Bhati M, Chen Z, Kostenko L,
Reantragoon R, Williamson NA, Purcell AW, Dudek NL, McConville MJ, O’Hair RA,
Khairallah GN, Godfrey DI, Fairlie DP, Rossjohn J, McCluskey J (2012) MR1 presents

18 C. Whidbey and A. T. Wright

http://dx.doi.org/10.1038/nrmicro.2017.87
http://dx.doi.org/10.1371/journal.ppat.1003356
http://dx.doi.org/10.1016/j.bmcl.2010.11.122
http://dx.doi.org/10.1038/nm.4517
http://dx.doi.org/10.1038/nm.4517
http://dx.doi.org/10.1186/s12915-014-0069-1
http://dx.doi.org/10.1038/nature18850
http://dx.doi.org/10.1126/science.1235872
http://dx.doi.org/10.4161/gmic.27915
http://dx.doi.org/10.1073/pnas.1603757113
http://dx.doi.org/10.1073/pnas.1603757113
http://dx.doi.org/10.1016/j.mib.2012.04.008
http://dx.doi.org/10.1016/j.mib.2012.04.008
http://dx.doi.org/10.1016/j.jbiotec.2017.06.1201
http://dx.doi.org/10.1016/j.jbiotec.2017.06.1201
http://dx.doi.org/10.1371/journal.ppat.1000806
http://dx.doi.org/10.1038/nmicrobiol.2016.49
http://dx.doi.org/10.1016/j.mib.2018.01.013
http://dx.doi.org/10.1146/annurev-food-041715-033159
http://dx.doi.org/10.1038/nprot.2015.053
http://dx.doi.org/10.1038/nprot.2015.053
http://dx.doi.org/10.1186/s40168-017-0267-5


microbial vitamin B metabolites to MAIT cells. Nature 491(7426):717–723. https://doi.org/10.
1038/nature11605

Kolb HC, Finn MG, Sharpless KB (2001) Click chemistry: diverse chemical function from a few
good reactions. Angew Chem Int Ed Engl 40(11):2004–2021

Konopka A, Lindemann S, Fredrickson J (2015) Dynamics in microbial communities: unraveling
mechanisms to identify principles. ISME J 9(7):1488–1495. https://doi.org/10.1038/ismej.
2014.251

Koppel N, Balskus EP (2016) Exploring and understanding the biochemical diversity of the human
microbiota. Cell Chem Biol 23(1):18–30. https://doi.org/10.1016/j.chembiol.2015.12.008

Koppel N, Maini Rekdal V, Balskus EP (2017) Chemical transformation of xenobiotics by the
human gut microbiota. Science 356(6344). https://doi.org/10.1126/science.aag2770

Krysiak JM, Kreuzer J, Macheroux P, Hermetter A, Sieber SA, Breinbauer R (2012)
Activity-based probes for studying the activity of flavin-dependent oxidases and for the
protein target profiling of monoamine oxidase inhibitors. Angew Chem Int Ed Engl 51
(28):7035–7040. https://doi.org/10.1002/anie.201201955

Lee PY, Chin SF, Neoh HM, Jamal R (2017) Metaproteomic analysis of human gut microbiota:
where are we heading? J Biomed Sci 24(1):36. https://doi.org/10.1186/s12929-017-0342-z

Leizeaga A, Estrany M, Forn I, Sebastian M (2017) Using click-chemistry for visualizing in situ
changes of translational activity in planktonic marine bacteria. Front Microbiol 8:2360. https://
doi.org/10.3389/fmicb.2017.02360

Li T, Chiang JY (2014) Bile acid signaling in metabolic disease and drug therapy. Pharmacol Rev
66(4):948–983. https://doi.org/10.1124/pr.113.008201

Martens JH, Barg H, Warren MJ, Jahn D (2002) Microbial production of vitamin B12. Appl
Microbiol Biotechnol 58(3):275–285. https://doi.org/10.1007/s00253-001-0902-7

Maurice CF, Haiser HJ, Turnbaugh PJ (2013) Xenobiotics shape the physiology and gene
expression of the active human gut microbiome. Cell 152(1–2):39–50. https://doi.org/10.1016/
j.cell.2012.10.052

Mayer EA, Tillisch K, Gupta A (2015) Gut/brain axis and the microbiota. J Clin Invest 125
(3):926–938. https://doi.org/10.1172/JCI76304

Mayers MD, Moon C, Stupp GS, Su AI, Wolan DW (2017) Quantitative metaproteomics and
activity-based probe enrichment reveals significant alterations in protein expression from a
mouse model of inflammatory bowel disease. J Proteome Res 16(2):1014–1026. https://doi.
org/10.1021/acs.jproteome.6b00938

Mir M, Asong J, Li X, Cardot J, Boons GJ, Husson RN (2011) The extracytoplasmic domain of
the Mycobacterium tuberculosis Ser/Thr kinase PknB binds specific muropeptides and is
required for PknB localization. PLoS Pathog 7(7):e1002182. https://doi.org/10.1371/journal.
ppat.1002182

Moon C, Stupp GS, Su AI, Wolan DW (2018) Metaproteomics of colonic microbiota unveils
discrete protein functions among colitic mice and control groups. Proteomics 18(3–4). https://
doi.org/10.1002/pmic.201700391

Mou X, Sun S, Edwards RA, Hodson RE, Moran MA (2008) Bacterial carbon processing by
generalist species in the coastal ocean. Nature 451(7179):708–711. https://doi.org/10.1038/
nature06513

Nair RN, Rosnow JJ, Murphree TA, Bowden ME, Lindemann SR, Wright AT (2017) De novo
synthesis of alkyne substituted tryptophans as chemical probes for protein profiling studies.
Org Chem Front 4(4):495–499. https://doi.org/10.1039/C6QO00819D

Ortega C, Anderson LN, Frando A, Sadler NC, Brown RW, Smith RD, Wright AT, Grundner C
(2016) Systematic survey of serine hydrolase activity in mycobacterium tuberculosis defines
changes associated with persistence. Cell Chem Biol 23(2):290–298. https://doi.org/10.1016/j.
chembiol.2016.01.003

van de Pavert SA, Ferreira M, Domingues RG, Ribeiro H, Molenaar R, Moreira-Santos L,
Almeida FF, Ibiza S, Barbosa I, Goverse G, Labao-Almeida C, Godinho-Silva C, Konijn T,
Schooneman D, O’Toole T, Mizee MR, Habani Y, Haak E, Santori FR, Littman DR,
Schulte-Merker S, Dzierzak E, Simas JP, Mebius RE, Veiga-Fernandes H (2014) Maternal

Activity-Based Protein Profiling—Enabling Multimodal … 19

http://dx.doi.org/10.1038/nature11605
http://dx.doi.org/10.1038/nature11605
http://dx.doi.org/10.1038/ismej.2014.251
http://dx.doi.org/10.1038/ismej.2014.251
http://dx.doi.org/10.1016/j.chembiol.2015.12.008
http://dx.doi.org/10.1126/science.aag2770
http://dx.doi.org/10.1002/anie.201201955
http://dx.doi.org/10.1186/s12929-017-0342-z
http://dx.doi.org/10.3389/fmicb.2017.02360
http://dx.doi.org/10.3389/fmicb.2017.02360
http://dx.doi.org/10.1124/pr.113.008201
http://dx.doi.org/10.1007/s00253-001-0902-7
http://dx.doi.org/10.1016/j.cell.2012.10.052
http://dx.doi.org/10.1016/j.cell.2012.10.052
http://dx.doi.org/10.1172/JCI76304
http://dx.doi.org/10.1021/acs.jproteome.6b00938
http://dx.doi.org/10.1021/acs.jproteome.6b00938
http://dx.doi.org/10.1371/journal.ppat.1002182
http://dx.doi.org/10.1371/journal.ppat.1002182
http://dx.doi.org/10.1002/pmic.201700391
http://dx.doi.org/10.1002/pmic.201700391
http://dx.doi.org/10.1038/nature06513
http://dx.doi.org/10.1038/nature06513
http://dx.doi.org/10.1039/C6QO00819D
http://dx.doi.org/10.1016/j.chembiol.2016.01.003
http://dx.doi.org/10.1016/j.chembiol.2016.01.003


retinoids control type 3 innate lymphoid cells and set the offspring immunity. Nature 508
(7494):123–127. https://doi.org/10.1038/nature13158

Pollock J, Glendinning L, Wisedchanwet T, Watson M (2018) The madness of microbiome:
attempting to find consensus “best practice” for 16S microbiome studies. Appl Environ
Microbiol 84(7). https://doi.org/10.1128/aem.02627-17

Romine MF, Rodionov DA, Maezato Y, Anderson LN, Nandhikonda P, Rodionova IA, Carre A,
Li X, Xu C, Clauss TR, Kim YM, Metz TO, Wright AT (2017) Elucidation of roles for vitamin
B12 in regulation of folate, ubiquinone, and methionine metabolism. Proc Natl Acad Sci U S A
114(7):E1205–E1214. https://doi.org/10.1073/pnas.1612360114

Rooks MG, Garrett WS (2016) Gut microbiota, metabolites and host immunity. Nat Rev Immunol
16(6):341–352. https://doi.org/10.1038/nri.2016.42

Rosnow JJ, Hwang S, Killinger BJ, Kim YM, Moore RJ, Lindemann SR, Maupin-Furlow JA,
Wright AT (2018) Cobalamin activity-based probe enables microbial cell growth and finds new
cobalamin-protein interactions across domains. Appl Environ Microbiol. https://doi.org/10.
1128/aem.00955-18

Roth JR, Lawrence JG, Rubenfield M, Kieffer-Higgins S, Church GM (1993) Characterization of
the cobalamin (vitamin B12) biosynthetic genes of Salmonella typhimurium. J Bacteriol 175
(11):3303–3316

Sadaghiani AM, Verhelst SH, Bogyo M (2007) Tagging and detection strategies for activity-based
proteomics. Curr Opin Chem Biol 11(1):20–28. https://doi.org/10.1016/j.cbpa.2006.11.030

Sadler NC, Melnicki MR, Serres MH, Merkley ED, Chrisler WB, Hill EA, Romine MF, Kim S,
Zink EM, Datta S, Smith RD, Beliaev AS, Konopka A, Wright AT (2014) Live cell chemical
profiling of temporal redox dynamics in a photoautotrophic cyanobacterium. ACS Chem Biol 9
(1):291–300. https://doi.org/10.1021/cb400769v

Sadler NC, Wright AT (2015) Activity-based protein profiling of microbes. Curr Opin Chem Biol
24:139–144. https://doi.org/10.1016/j.cbpa.2014.10.022

Savage DC (2001) Microbial biota of the human intestine: a tribute to some pioneering scientists.
Curr Issues Intest Microbiol 2(1):1–15

Scheline RR (1968) The metabolism of drugs and other organic compounds by the intestinal
microflora. Acta Pharmacol Toxicol (Copenh) 26(4):332–342

Schiering C, Wincent E, Metidji A, Iseppon A, Li Y, Potocnik AJ, Omenetti S, Henderson CJ,
Wolf CR, Nebert DW, Stockinger B (2017) Feedback control of AHR signalling regulates
intestinal immunity. Nature 542(7640):242–245. https://doi.org/10.1038/nature21080

Shah IM, Laaberki MH, Popham DL, Dworkin J (2008) A eukaryotic-like Ser/Thr kinase signals
bacteria to exit dormancy in response to peptidoglycan fragments. Cell 135(3):486–496.
https://doi.org/10.1016/j.cell.2008.08.039

Snelling TJ, Wallace RJ (2017) The rumen microbial metaproteome as revealed by SDS-PAGE.
BMC Microbiol 17(1):9. https://doi.org/10.1186/s12866-016-0917-y

Sousa T, Paterson R, Moore V, Carlsson A, Abrahamsson B, Basit AW (2008) The gastrointestinal
microbiota as a site for the biotransformation of drugs. Int J Pharm 363(1–2):1–25. https://doi.
org/10.1016/j.ijpharm.2008.07.009

Spanogiannopoulos P, Bess EN, Carmody RN, Turnbaugh PJ (2016) The microbial pharmacists
within us: a metagenomic view of xenobiotic metabolism. Nat Rev Microbiol 14(5):273–287.
https://doi.org/10.1038/nrmicro.2016.17

Speers AE, Adam GC, Cravatt BF (2003) Activity-based protein profiling in vivo using a copper
(i)-catalyzed azide-alkyne [3 + 2] cycloaddition. J Am Chem Soc 125(16):4686–4687. https://
doi.org/10.1021/ja034490h

Wallace BD, Roberts AB, Pollet RM, Ingle JD, Biernat KA, Pellock SJ, Venkatesh MK,
Guthrie L, O’Neal SK, Robinson SJ, Dollinger M, Figueroa E, McShane SR, Cohen RD, Jin J,
Frye SV, Zamboni WC, Pepe-Ranney C, Mani S, Kelly L, Redinbo MR (2015) Structure and
inhibition of microbiome beta-glucuronidases essential to the alleviation of cancer drug
toxicity. Chem Biol 22(9):1238–1249. https://doi.org/10.1016/j.chembiol.2015.08.005

20 C. Whidbey and A. T. Wright

http://dx.doi.org/10.1038/nature13158
http://dx.doi.org/10.1128/aem.02627-17
http://dx.doi.org/10.1073/pnas.1612360114
http://dx.doi.org/10.1038/nri.2016.42
http://dx.doi.org/10.1128/aem.00955-18
http://dx.doi.org/10.1128/aem.00955-18
http://dx.doi.org/10.1016/j.cbpa.2006.11.030
http://dx.doi.org/10.1021/cb400769v
http://dx.doi.org/10.1016/j.cbpa.2014.10.022
http://dx.doi.org/10.1038/nature21080
http://dx.doi.org/10.1016/j.cell.2008.08.039
http://dx.doi.org/10.1186/s12866-016-0917-y
http://dx.doi.org/10.1016/j.ijpharm.2008.07.009
http://dx.doi.org/10.1016/j.ijpharm.2008.07.009
http://dx.doi.org/10.1038/nrmicro.2016.17
http://dx.doi.org/10.1021/ja034490h
http://dx.doi.org/10.1021/ja034490h
http://dx.doi.org/10.1016/j.chembiol.2015.08.005


Wallace BD, Wang H, Lane KT, Scott JE, Orans J, Koo JS, Venkatesh M, Jobin C, Yeh LA,
Mani S, Redinbo MR (2010) Alleviating cancer drug toxicity by inhibiting a bacterial enzyme.
Science 330(6005):831–835. https://doi.org/10.1126/science.1191175

Weiss S, Amir A, Hyde ER, Metcalf JL, Song SJ, Knight R (2014) Tracking down the sources of
experimental contamination in microbiome studies. Genome Biol 15(12):564. https://doi.org/
10.1186/s13059-014-0564-2

Wright AT, Song JD, Cravatt BF (2009) A suite of activity-based probes for human cytochrome
P450 enzymes. J Am Chem Soc 131(30):10692–10700. https://doi.org/10.1021/ja9037609

Wu L, Jiang J, Jin Y, Kallemeijn WW, Kuo CL, Artola M, Dai W, van Elk C, van Eijk M, van der
Marel GA, Codee JDC, Florea BI, Aerts J, Overkleeft HS, Davies GJ (2017) Activity-based
probes for functional interrogation of retaining beta-glucuronidases. Nat Chem Biol 13(8):867–
873. https://doi.org/10.1038/nchembio.2395

Xiao M, Yang J, Feng Y, Zhu Y, Chai X, Wang Y (2017) Metaproteomic strategies and
applications for gut microbial research. Appl Microbiol Biotechnol 101(8):3077–3088. https://
doi.org/10.1007/s00253-017-8215-7

Zarraonaindia I, Smith DP, Gilbert JA (2013) Beyond the genome: community-level analysis of
the microbial world. Biol Philos 28(2):261–282. https://doi.org/10.1007/s10539-012-9357-8

Zhang X, Ning Z, Mayne J, Moore JI, Li J, Butcher J, Deeke SA, Chen R, Chiang CK, Wen M,
Mack D, Stintzi A, Figeys D (2016) MetaPro-IQ: a universal metaproteomic approach to
studying human and mouse gut microbiota. Microbiome 4(1):31. https://doi.org/10.1186/
s40168-016-0176-z

Zhuang S, Li Q, Cai L, Wang C, Lei X (2017) Chemoproteomic profiling of bile acid interacting
proteins. ACS Cent Sci 3(5):501–509. https://doi.org/10.1021/acscentsci.7b00134

Zweerink S, Kallnik V, Ninck S, Nickel S, Verheyen J, Blum M, Wagner A, Feldmann I,
Sickmann A, Albers SV, Brasen C, Kaschani F, Siebers B, Kaiser M (2017) Activity-based
protein profiling as a robust method for enzyme identification and screening in extremophilic
Archaea. Nat Commun 8:15352. https://doi.org/10.1038/ncomms15352

Activity-Based Protein Profiling—Enabling Multimodal … 21

http://dx.doi.org/10.1126/science.1191175
http://dx.doi.org/10.1186/s13059-014-0564-2
http://dx.doi.org/10.1186/s13059-014-0564-2
http://dx.doi.org/10.1021/ja9037609
http://dx.doi.org/10.1038/nchembio.2395
http://dx.doi.org/10.1007/s00253-017-8215-7
http://dx.doi.org/10.1007/s00253-017-8215-7
http://dx.doi.org/10.1007/s10539-012-9357-8
http://dx.doi.org/10.1186/s40168-016-0176-z
http://dx.doi.org/10.1186/s40168-016-0176-z
http://dx.doi.org/10.1021/acscentsci.7b00134
http://dx.doi.org/10.1038/ncomms15352


Activity-Based Protein Profiling
Methods to Study Bacteria: The Power
of Small-Molecule Electrophiles

Shabnam Sharifzadeh, Joshua D. Shirley and Erin E. Carlson

Contents

1 Introduction.......................................................................................................................... 24
1.1 Activity-Based Probes: What They Are and How They Work ................................ 26

2 Probe Design Strategies....................................................................................................... 27
2.1 Reactive Warhead and Recognition Elements ........................................................... 27
2.2 Linker.......................................................................................................................... 28
2.3 Reporter ...................................................................................................................... 29

3 Detection Methods............................................................................................................... 31
3.1 Gel-Based Detection................................................................................................... 31
3.2 Live-Cell Imaging....................................................................................................... 31
3.3 Mass Spectrometry ..................................................................................................... 32

4 ABPP in Bacteria ................................................................................................................ 33
4.1 Serine-Reactive Probes ............................................................................................... 33
4.2 Cysteine-Reactive Probes ........................................................................................... 36
4.3 Antibiotic-Derived Probes .......................................................................................... 37
4.4 Carbohydrate-Based Probes........................................................................................ 38
4.5 Probes Inspired by Natural Products ......................................................................... 40

5 Application of ABPP in Natural Product Target Discovery .............................................. 42
6 Conclusion ........................................................................................................................... 44
References .................................................................................................................................. 44

S. Sharifzadeh � E. E. Carlson (&)
Department of Chemistry, University of Minnesota-Twin Cities,
Minneapolis, MN 55455, USA
e-mail: carlsone@umn.edu

J. D. Shirley � E. E. Carlson
Department of Medicinal Chemistry, University of Minnesota-Twin Cities,
Minneapolis, MN 55455, USA

E. E. Carlson
Department of Biochemistry, Molecular Biology and Biophysics,
University of Minnesota-Twin Cities, Minneapolis, MN 55455, USA

Current Topics in Microbiology and Immunology (2019) 420:23–48
DOI 10.1007/82_2018_135
© Springer Nature Switzerland AG 2018
Published Online: 20 September 2018

http://crossmark.crossref.org/dialog/?doi=10.1007/82_2018_135&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/82_2018_135&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/82_2018_135&amp;domain=pdf
mailto:carlsone@umn.edu


Abstract ABPP methods have been utilized for the last two decades as a means to
investigate complex proteomes in all three domains of life. Extensive use in
eukaryotes has provided a more fundamental understanding of the biological pro-
cesses involved in numerous diseases and has driven drug discovery and treatment
campaigns. However, the use of ABPP in prokaryotes has been less common,
although it has gained more attention over the last decade. The urgent need for
understanding bacteriophysiology and bacterial pathogenicity at a foundational
level has never been more apparent, as the rise in antibiotic resistance has resulted
in the inadequate and ineffective treatment of infections. This is not only a result of
resistance to clinically used antibiotics, but also a lack of new drugs and equally as
important, new drug targets. ABPP provides a means for which new, clinically
relevant drug targets may be identified through gaining insight into biological
processes. In this chapter, we place particular focus on the discussion of ABPP
strategies that have been applied to study different classes of bacterial enzymes.

1 Introduction

Advancement of genomic and proteomic methods has enabled rapid characteriza-
tion and functional assignment of poorly annotated genes and proteins. While
proteomics has tremendously accelerated such assignments through the develop-
ment of analytical methods for large mixtures of proteins, cellular proteins are
constantly generated, modified, and degraded. Many enzymes are produced as
inactive zymogens requiring specific post-translational modifications (PTMs) for
activation. Therefore, comparative profiling techniques which enable assessment of
these dynamic changes in proteome abundance, modification, intracellular location,
and functional state are employed (Vogel and Marcotte 2012). Activity-based
protein profiling (ABPP) has emerged as a powerful complimentary approach to
monitor the activity of proteins in complex proteomes. Taking advantage of
active-site-directed chemical probes, called activity-based probes (ABPs), this
strategy enables visualization of the active form of enzymes. ABPs are
mechanism-based irreversible inhibitors, consisting of an active warhead, which
reacts with components of the active site, a binding or spacer group that provides
spacing between the active warhead and the reporter, while also modulating the
reactivity and/or specificity of the probe and a reporter tag for identification and
purification purposes (Fig. 1a). The active warhead is typically an electrophile,
which reacts with an active-site nucleophile and is retained on-site due to the
formation of a covalent bond. Since only catalytically competent proteins can
undergo this reaction, active isoforms are visualized in this way. The permanent
covalent nature of the ABPs’ bond with their targets has made them amenable for
diverse applications including live-cell imaging, target enrichment, and direct
biochemical analysis of the targeted proteins (Fig. 1b). Moreover, assessment of the
selectivity of enzyme inhibitors is another potential application for activity-based
proteomics. In bacterial systems, ABPs have been applied for various applications
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such as target discovery, the study of microbial pathogenesis and host-pathogen
interactions, live-cell imaging, and inhibitor discovery (Sadler and Wright 2015;
Bottcher and Sieber 2008b; Heal and Tate 2012; Willems et al. 2014; Sharifzadeh
et al. 2017).

1.1 Activity-Based Probes: What They Are
and How They Work

Since ABPP has been applied to a broad range of probes with various modes of
action, one must be aware of the technical differences. By definition, ABPs rep-
resent any active-site-directed chemical probe that reacts with the enzyme in a
mechanism-based manner, covalently attaches to a catalytic residue and is retained
in the active site. Other groups of covalent protein modifiers, which could poten-
tially be mistaken for ABPs, include substrate-based probes and affinity probes.
Substrate-based probes are fluorogenic molecules that depend on the reactivity of
the enzyme to become fluorescent. This group of probes consists of a recognition
element that binds within the active site, usually designed based on the enzyme’s
natural substrate, and a reporter group that generates a signal once processed by the
enzyme. The enzymatic cleavage leads to either increase or quenching of fluores-
cence (Edgington et al. 2011).

Proteases are perhaps the best example for which both classes of probes have
been established and applied. Protease enzymes constitute an extensive family of
enzymes in both prokaryotes and eukaryotes, comprising almost 2% of the human
genome. Their primary function to cleave peptide bonds is critical for maintaining
normal physiology of cells and any dysregulation of their expression levels and
activity could lead to serious pathologies such as inflammatory diseases and cancer.
Accordingly, direct assessment of the proteolytic activity and regulation under
normal and pathologic conditions is critical. Based on their mechanism of action,
proteases are classified into seven subfamilies, three of which, cysteine, serine, and
threonine proteases, use nucleophilic amino acids to perform catalysis. Protease
enzymes are often highly selective and only perform limited cleavage of specific
sites. The primary amino acid sequence surrounding the scissile amide bond is one
of the important factors that determines the selectivity of proteases. Accordingly,
substrate- and activity-based probes have been devised based on the structural
preferences of individual enzymes. In the former group of probes, the proteolytic
function of the enzyme leads to a shift in fluorescent properties of the probe. In the
latter group, as mentioned earlier, covalent modification of the enzyme occurs in an
activity-dependent manner. While substrate-based probes are processed by the
enzyme, ABPs act as an irreversible covalent inhibitor of the enzyme. Moreover,
ABPs can be modified to carry different groups such as fluorophores, biotin, and
clickable functionalities. Due to irreversible modification of targets by ABPs,
labeled proteins can be identified, enriched, and quantified if needed. The activity of

26 S. Sharifzadeh et al.



proteases has been visualized by fluorescent ABPs, as a non-invasive imaging
technique under various pathologic conditions such as inflammatory diseases and
cancer (Withana et al. 2016).

Finally, affinity-based probes are compounds that are recognized by enzymes,
but do not rely explicitly on enzymatic activity. Photoactivatable groups such as
benzophenone or diazirine are often installed on affinity probes in order to cova-
lently tag their targets. Similarly, chemically reactive groups such as alkyl halides
and succinimidyl esters can be incorporated to enable covalent tagging of nucle-
ophilic residues in the proximity of the binding site (Weerapana et al. 2008).
Although this latter strategy has been exploited in the same applications as ABPs,
such as target discovery and binding site identification, it must be noted that this
class of probes often functions regardless of the activity state of their target (Eirich
et al. 2011; Wright and Sieber 2016).

2 Probe Design Strategies

2.1 Reactive Warhead and Recognition Elements

Ideal warheads must possess proper reactivity with proteins as well as biocom-
patibility. Several small-molecule electrophilic probes have been developed that
show class-specific reactivity toward nucleophilic active-site residues of certain
enzyme classes. Such electrophiles are designed to exhibit mechanism-based
reactivity toward enzyme family members, while remaining inert to physiologically
abundant nucleophiles such as hydroxyls, thiols, and amines. Therefore, these
small-molecule probes could be exploited to irreversibly label enzymes within their
native environment. Available design strategies take advantage of the unique
intrinsic reactivity of each enzyme class, as well as the structural features required
for substrate recognition. Selectivity of reactive residues toward specific elec-
trophiles could be explained by the Hard and Soft, Acids and Bases (HSAB) theory
(Pearson 1990). According to HSAB theory, reacting species are classified into
“hard” or “soft” based on the polarizability, i.e., the inherent property of an atom or
functional group that describes how easily the electron density can be delocalized to
form covalent bonds, and electrophiles react with nucleophiles of similar hardness
or softness. The sulfhydryl group of cysteine residues is highly polarizable and
“soft,” due to the large atomic radius of the sulfur atom. In contrast, the hydroxyl
group of serine residue is considered to be “hard.” Therefore, the serine hydrolase
family of enzymes is targeted by hard electrophiles such as fluorophosphonates,
while the cysteine hydrolase family is targeted by softer electrophiles such as
a,b-unsaturated ketones (Weerapana et al. 2008). However, some electrophiles such
as sulfonyl fluoride show promiscuity toward diverse nucleophiles, demonstrating
the complexities associated with probe design (Narayanan and Jones 2015).
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The active warhead of several successful activity-based probes has been
designed based on known covalent, mechanism-based inhibitors of that class of
enzymes. In this regard, serine and cysteine hydrolases were the first enzyme
classes that were successfully targeted upon the introduction of the ABPP strategy.
In the absence of such cognate inhibitors, de novo probes have been designed that
were inspired by structural features found in natural products. In the event of broad
applications, such as profiling the activity of a class of enzymes rather than a single
isoform, fine-tuning the selectivity of ABPs is of utmost importance. In those
instances, off-target labeling can be an issue, and appropriate controls and statistical
measures must be devised in order to limit false discoveries. While
concentration-dependent selectivity can be achieved through adjusting the amount
of probe applied in some cases, additional controls such as competitive inhibition
and no probe added samples are essential in most cases.

2.2 Linker

The linker group, which connects the active warhead to the reporter group or the
click handle, is a crucial component and affects target identification. Ideally, the
linker must be inert and does not form any interactions with the target, while
distancing the reporter group from the active site. Hydrophobic linkers, such as
alkyl chains, have been reported. However, the use of hydrophobic linkers presents
the challenge of non-specific binding of proteins through hydrophobic interactions.
This non-specificity, along with solubility issues, presents unfavorable aspects of
using hydrophobic linkers. A hydrophilic linker group, such as polyethyleneglycol,
PEG, is the linker of choice in most cases.

Cleavable linkers, such as a Tobacco Etch Virus (TEV) protease-cleavable lin-
ker, allow for selective peptide elution upon enrichment and avoid background
signals resulting from non-specific binding. TEV-cleavable linkers have been
incorporated in isotopic Tandem Orthogonal Proteolysis (isoTOP)-MS analysis
strategies for the characterization and quantification of ABP labeling (see Detection
Methods). Moreover, cleavable linkers enable determination of the site of labeling
using MS-MS techniques, since the reactive portion of the probe remains attached
to the target protein after cleavage. Additional cleavable linkers that have been
employed in ABPP are trypsin-cleavable linkers, diazobenzenes that undergo
cleavage with sodium dithionite, vicinal diols cleaved with sodium periodate, and
light-sensitive linkers that are cleaved with UV-light (Yang et al. 2013; Leriche
et al. 2012; Rudolf et al. 2013; Kim et al. 2009; Orth and Sieber 2009). An intrinsic
drawback of these types of linkers, however, is incomplete cleavage, which can
result in low signal.
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2.3 Reporter

Upon enzyme binding, ABPs must possess a feature that facilitates detection of
labeling. The reporter tag of ABPs enables this to happen through direct visual-
ization of the probe (gel-based or imaging) or through enrichment and protein
identification (mass spectrometry) (Sadaghiani et al. 2007). Initial ABPP studies
took advantage of direct radiochemical detection, through incorporation of 125I
(Bogyo et al. 2000). Radiochemical detection is not applicable in large-scale
analysis, due to limitations imposed by radioactive material. Instead, fluorescent
and affinity tags were developed and have been utilized to detect enzymatic labeling
of ABPs for several decades (Patricelli et al. 2001). Biotinylated ABPs have also
been developed to enable target enrichment, a more time-consuming detection
strategy. Fluorescent ABPs are the most direct method for in-gel detection of
activity with high sensitivity and throughput.

Tags can either be directly conjugated to probes, in a one-step labeling process,
or can be attached post-labeling, in a two-step labeling strategy. The latter carries a
significant advantage in allowing the probe to retain more native properties, as a
bulky tag can disrupt protein–probe interactions and/or decreases probe cell per-
meability. Installation of a bioorthogonal handle on the probe can replace the
fluorescent or affinity tag used in the one-step process. Following an incubation
period and binding to the enzyme, a bioorthogonal reaction can be utilized to add
on a tag, in a two-step labeling process. This method enables the probe to interact
with the protein targets without the potential interference of the bulky read-out tag.

2.3.1 Quenched Activity-Based Probes

A major limitation of ABPs bearing fluorophore reporters is the inherent fluores-
cence both when bound to a target and free in solution. Quenched activity-based
probes (qABPs) are a subclass of ABPs, which are quenched or in a dark state per
se and become fluorescent only upon mechanism-based reaction with their target
and elimination of the quencher group. Since the fluorescence requires enzymatic
activity and covalent modification of the target, background signal is insignificant.
Therefore, qABPs are excellent candidates for non-invasive imaging and dynamic
monitoring of proteins in vivo. Examples of qABPs have been developed to study a
variety of cysteine proteases in mammalian cells (Blum et al. 2005; Bender et al.
2015; Withana et al. 2016).

2.3.2 Bioorthogonal Ligation Reactions

In order to preform two-step labeling, conjugation strategies must be employed in
which reactions are fast, highly selective, and can be carried out under physio-
logical conditions (McKay and Finn 2014). The key component of the two-step
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labeling strategy is the incorporation of a bioorthogonal handle onto the probe.
Bioorthogonal handles are unique functional groups that are unreactive to native
biological functionalities, such as water and other abundant nucleophiles. This
property, along with their relatively small size, allows bioorthogonal handles to be
attached to activity-based probes without disrupting the desired interactions
between probe and protein (Hang et al. 2003; Sletten and Bertozzi 2011). A number
of different strategies have been developed in the field of bioorthogonal chemistry
over the last two decades (Lang and Chin 2014). The copper-catalyzed Hüisgen
[3 + 2] azide-alkyne cycloaddition (CuAAC), an example of click chemistry
optimized for biological applications by Sharpless and coworkers, has been used
widely to ligate reporter tags and probes (Kolb et al. 2001; Kolb and Sharpless
2003; Rostovtsev et al. 2002; Speers and Cravatt 2004). The CuAAC reaction has
superiority over the Staudinger ligation, which utilizes phosphines and azides as
highly selective reactants, but has poor reaction kinetics. However, the CuAAC
strategy also has a key limitation in the use of copper, which is cytotoxic. The
strain-promoted [3 + 2] cycloaddition between an azide and a strained alkyne
eliminates the need for copper, while retaining superior reaction kinetics (Agard
et al. 2004, 2006; Lang and Chin 2014) (Fig. 2). However, it has also been noted
that strained alkynes can undergo reactions with nucleophilic groups (Beatty et al.
2010; Chang et al. 2010; Ekkebus et al. 2013; McKay and Finn 2014).

An alternative strategy that reigns superior when considering reaction kinetics is
the inverse electron-demand Diels–Alder reaction between strained alkenes or
alkynes and tetrazines. These reactions are highly selective, in addition to incredibly
fast, and release nitrogen gas as a byproduct and dihydropyridazines or pyridazines
as products (Lang and Chin 2014). Significant advancements in the use of this

(a)

(c)

(d)

(b)

Fig. 2 Common bioorthogonal reactions. Colored semi-circles represent probe-labeled enzymes,
and red stars indicate fluorescent or affinity tags. a Copper(I)-catalyzed alkyne-azide cycloaddition
(CuAAc), b strain-promoted alkyne-azide cycloaddition, c Staudinger ligation, d inverse
electron-demand Diels–Alder reaction
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reaction have been developed in the last few years, and the use of unnatural amino
acids containing these functional groups has been reported for improving the
specificity of labeling. Additionally, development of quenched tetrazine–fluor-
ophore conjugate probes that upon reaction with a bioorthogonal partner yield high
fluorescence that does not require a washing step to remove unreacted probe has
been reported. This has provided a useful tool for in-cell and in-animal imaging
(Wu and Devaraj 2018).

3 Detection Methods

3.1 Gel-Based Detection

One of the first detection strategies employed for the analysis of ABPP was gel
electrophoresis. Following a labeling step with the ABPs, proteomes can be sep-
arated and analyzed by either one-dimensional (1D) or two-dimensional (2D) gel
electrophoresis. 1D-gel electrophoresis, most often sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), is utilized to separate proteins based
on their molecular weight. 2D-gel electrophoresis separates proteins based on
isoelectric point (first dimension), followed by separation based on size (second
dimension).

These strategies can be applied for ABPs possessing both affinity and fluorescent
tags. Upon separation of the proteome, labeled proteins can be visualized via
fluorescence gel-imaging or blotting strategies. Gel-based detection is heavily relied
upon, as it is robust, simple, high-throughout, and requires relatively little material.
Upward of hundreds of proteome samples can be analyzed by gel electrophoresis
per day; however, this strategy has its limitations. The number of proteins that can
be resolved is often a limitation of gel-based strategies, as well as the inability to
determine the molecular targeting of a probe (i.e., the identity of most labeled
proteins and which amino acid is being labeled). As a result of these limitations,
strategies were developed to increase the resolving power of ABPP and to deter-
mine specific interactions between a probe and its targets.

3.2 Live-Cell Imaging

Gel-based fluorescence detection has been the most utilized application of
fluorescent probes; however, cell imaging strategies have also been employed. For
example, the Carlson group has utilized both strategies to study the
penicillin-binding proteins (PBPs) in bacteria. In an initial effort to study individual
PBPs in Bacillus subtilis and Streptococcus pneumoniae, fluorophore-containing
cephalosporin derivatives were synthesized and assessed for their ability to bind
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PBPs. In vivo labeling of the PBPs was observed through fluorescence microscopy
and gel-based analyses, and it was determined that these cephalosporin-analogues
are more selective than Bocillin-FL, a commercially available analogue of
penicillin-V that labels all PBPs (Fig. 5a). Furthermore, dual labeling experiments
suggested that subpopulations of PBPs are localized separately during cell growth
and division (Kocaoglu et al. 2012). b-lactone-based probes, developed to extend
the PBP-targeting toolbox, enabled selective tagging of PBP2x and 2b in S.
pneumoniae. Super-resolution fluorescence microscopy of pneumococcal cells
treated with two lactone analogs, labeling PBPs 2x and 2b, respectively, demon-
strated that PBP2b activity is restricted to a ring around the division site. PBP2x
activity, on the other hand, was detected in both the surrounding ring and the
septum at the division center (Sharifzadeh et al. 2017). This was the first time that
individual PBP activity was detected with high spatial resolution, demonstrating the
prowess of ABPs.

3.3 Mass Spectrometry

Gel-based strategies enable visualization of tagged proteins; however, they do not
provide insight about the identity of the labeled proteins. In order to address this
issue, liquid chromatography-mass spectrometry (LC-MS) strategies have been
developed in which labeled proteins can be enriched from complex mixtures, using
proper affinity tags, and subsequently characterized. A typical target identification
experiment includes treatment of cells with ABPs, followed by enrichment of
target–probe complexes via affinity purification. A biotin tag enables facile
enrichment of probe–protein complexes by avidin beads and hence, is the most
common reporter used in ABPP target identification studies. Given that biotin
affects cell permeability, a click group is often appended to the probe, which can
subsequently be ligated to a biotin or fluorescent reporter. Following enrichment of
labeled proteins, proteomics can be carried out using LC-MS to characterize the
proteome. Additionally, the sensitivity of MS instruments enables detection of very
low-abundant proteins, which is not possible using gel-based methodologies.

Quantitative methods for chemical proteomics have been developed to more
accurately quantify probe targets. It should be noted that these methods generally
rely on relative quantification and do not provide absolute quantification.
Activity-based protein profiling and multidimensional protein identification tech-
nology (ABPP-MudPIT) is a quantitative method that enables comparing enzymatic
activities between different proteome samples (Jessani et al. 2005; Speers and
Cravatt 2009). However, ABPP-MudPIT does not provide site-specific labeling
information, in addition to being low throughput, which are key limitations of this
platform. This issue was overcome with the development of tandem orthogonal
proteolysis (TOP). TOP introduces a TEV-biotin tag onto probe-labeled proteins in
complex mixtures. Upon streptavidin enrichment, proteins are first cleaved with
trypsin and the resulting peptides eluted. Next, the remaining resin-bound peptides
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are incubated with TEV protease to selectively release probe-labeled species, which
are analyzed via LC-MS/MS. Site-specific labeling of the probe can be elucidated
via algorithms such as SEQUEST (Weerapana et al. 2007). SEQUEST is one
example of peptide analysis software, but there are numerous programs that can be
utilized (Verheggen et al. 2017). Further advancement of this methodology has led
to isotopic-TOP (isoTOP)-ABPP, in which an isotopically tagged probe can be
utilized to differentiate the extent of protein labeling in multiple proteomes
(Weerapana et al. 2010).

LC-MS/MS, often the use of “label free” methods where spectral counting is
used to quantify relative amounts of labeled peptides, is commonly utilized in
ABPP. This is due to the fact that enrichment steps utilizing an affinity tag, such as
biotin, remove a large amount of excess proteins from the proteome that have not
been labeled by an ABP. On the other hand, “labeled” methods have been used less
often. In this case, isotopically labeled amino acids are utilized in ABP-treated and
ABP-untreated samples to enable quantification of the peptides from each sample.
Such methods include SILAC, SILAM, iTRAQ, and iCAT. These methods are used
more often in systems where the entire proteome is to be analyzed, as opposed to an
enriched subpopulation of the proteome. However, this is not always the case and
both “labeled” methods and enrichment have been used. An in-depth discussion of
these methods is outside the scope of this chapter, and readers should refer to more
comprehensive reviews (Cardoza et al. 2012; Chen et al. 2017; Wang et al. 2018;
Wright and Sieber 2016).

4 ABPP in Bacteria

4.1 Serine-Reactive Probes

Well-established ABPP methods to assess the functional state of serine hydrolases
(SHs) exist due to the broad distribution and importance of SHs in living organisms.
SHs contain a conserved serine residue in their active site, which participates in the
hydrolysis of amide, ester, and thioester substrates of the enzyme. The catalytic
mechanism of SHs involves the formation of an acyl–enzyme intermediate, which
has enabled the design and development of ABPs that target the active serine
residue. Fluorophosphonates (FPs) have been used to profile the activity of SHs in
complex proteomes. A common example of such a reactive group is shown in
Fig. 3. Different modifications on the FP scaffold, such as inclusion of various click
functionalities, fluorophore groups, or affinity tags, have been implemented in order
to accommodate multiple applications. FP-based molecules show very broad
reactivity toward SHs, enabling simultaneous investigation of a vast number of
enzymes. For example, comparative analysis of SH activity in cancer cells has
provided useful insight on dysregulated enzymes in eukaryotic systems (Nomura
et al. 2010).
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SHs are known to perform crucial functions in bacterial physiology and viru-
lence, as well. Ortega et al. monitored the activity of SHs in Mycobacterium
tuberculosis (Mtb), which is a clinically significant pathogen causing tuberculosis
(TB), under replicating and non-replicating conditions. Unlike most infections that
clear within a few days of antibiotic treatment, TB requires very long chemother-
apy, which is attributed to the microorganism’s exceptional ability to persist in host
tissues. A quiescent or non-replicating population of Mtb bacilli causes this phe-
notypic drug tolerance state, rendering many TB therapies ineffective. This long
treatment period, further complicated by patient compliance, has given rise to the
emergence of drug-resistant mutants. Indeed, multidrug resistant (MDR) and
extensively drug-resistant (XDR) Mtb strains are currently among the most chal-
lenging pathogens to treat. Understanding the physiological adaptations that are
responsible for transition to the persistent state is essential in order to efficiently
combat Mtb. The enzymes that remain active in the persistent state could be
manipulated as potential diagnostic biomarkers or antimycobacterial targets.

SHs play central roles during all stages ofMtb growth and metabolism, including
persistence. Assessment of the global activity of the SHs in replicating and per-
sistent Mtb, using a general FP-based probe (FP-ABP; Fig. 3), revealed substantial
differences between the two states. A significant number of SHs that remained
active during persistence, including the essential protease ClpP, represent potential
new drug targets in non-replicating Mtb (Ortega et al. 2016). Another study
investigated the activity of Mtb esterases using ABPs (ActivX TAMRA-FP;

(a)

(b)

Fig. 3 Serine-reactive ABPs.
a Fluorophosphonate probes;
b isocoumarin probes
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Fig. 3) in conjunction with substrate-based probes in active, dormant, and reacti-
vating culture conditions. Reactivation of Mtb, which is transition from dormancy
to the active state, is a crucial pathophysiological phenomenon, which remains
poorly understood. As a result of this study, three esterase enzymes that become
functional during early reactivation phase were determined for the first time
(Tallman et al. 2016). In a recent study, selective substrate- and activity-based
probes were developed to target Mtb “hydrolase important for pathogenesis 1” (Mtb
Hip1) as a tool for monitoring mycobacterial infection and response to antibiotic
therapy. Hip1 is a serine protease showing minimal homology with mammalian
serine proteases, making it an ideal target for this purpose. A fluorogenic substrate
assay was used to screen Hip1 against a library of serine-reactive small molecules,
among which a series of 7-amino-4-chloro-3-(2-bromoethoxy)isocoumarin com-
pounds were identified as hits and were used to develop an ABP (Fig. 3) (Lentz
et al. 2016).

In order to shed light on host–pathogen interactions, FP-based probes
(FP-TAMRA and FP-Biotin; Fig. 3) were applied to animal models infected with
Vibrio cholera and secreted bacterial and active host SHs were identified. The
results of this study revealed four V. cholera proteases that were active in infected
rabbits, and one that was found to be active in human choleric stool (Hatzios et al.
2016).

Due to the high reactivity of the electrophilic group in FP-based probes, very
complex activity profiles are generated in most cases, making it impractical to track
the activity of low-abundant enzymes. To address this challenge, a series of
diphenylphosphonate (DPP)-based ABPs was developed to target trypsin-like ser-
ine proteases selectively. This subgroup of SHs consists of several enzymes with
unique physiological regulatory roles in humans, such as thrombin, factor VIIa,
factor Xa and tryptase, have been exploited as drug targets in cardiovascular and
inflammatory diseases (Pan et al. 2006). Initially generated as potent, irreversible
serine protease inhibitors (Powers et al. 2002), DPP-derived probes label
trypsin-like serine protease enzymes as pure proteins or in-cell lysates (Pan et al.
2006). However, the bulky diphenylphosphonate group might hinder the covalent
reaction between the probe and the active-site serine residue, as was the case in
DPP-based probes for Hip1 enzyme and rhomboid proteases in Mtb and
Escherichia coli, respectively (Lentz et al. 2016; Vosyka et al. 2013). Rhomboid
proteases are intramembrane serine proteases involved in critical biochemical
processes such as signaling, making them potentially important drug targets.
Screening of a library of different electrophiles against AarA and GlpP revealed
several isocoumarin-containing compounds as potent inhibitors of either or both
enzymes. Isocoumarin compounds conjugated with click and fluorophore groups,
IC6, 11, and 36, tagged the serine residue in the active site of GlpG in E. coli cell
lysates and whole cells (Vosyka et al. 2013) (Fig. 3).
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4.2 Cysteine-Reactive Probes

Enzymes containing catalytic cysteine residues are ubiquitous and crucial in all
domains of life, highlighting the importance of developing specific tools for
studying them. The papain family of cysteine proteases comprises a group of
closely related enzymes, with essential roles in many important pathological con-
ditions such as cancer, rheumatoid arthritis, asthma, and osteoporosis. The enzy-
matic mechanism used by the papain family is highly conserved and hence,
electrophilic inhibitors reacting in this context could be exploited in the generation
of chemical probes with broad utility. The first group of cysteine-reactive ABPs was
generated by Greenbaum et al. based on the natural product cysteine protease
inhibitor, E64 (Greenbaum et al. 2000). E64 contains an epoxide group linked to a
peptide moiety in which the leucine and agmatine groups mimic the natural sub-
strate. JPM-565 was synthesized based on E64, which was further modified to
develop probe DCG-04 (Fig. 4). Today, a wide range of small-molecule elec-
trophiles have been developed as mechanism-based inhibitors of the cysteine
proteases (Siklos et al. 2015; Powers et al. 2002; Shannon and Weerapana 2015).

In prokaryotes, cysteine proteases are among the most abundant hydrolytic
enzymes, playing crucial roles in bacterial viability, metabolism, and environmental
interactions. Acyloxymethyl ketone (AOMK)-based irreversible inhibitors for
bacterial cysteine proteases have been reported, which target diverse families of
cysteine proteases. These compounds show high selectivity for this class of
enzymes, while maintaining low reactivity toward weakly nucleophilic groups
(Powers et al. 2002). A common strategy to target these proteases is inclusion of an
AOMK group in a peptide scaffold that is recognized by the enzyme and facilitates
the irreversible binding of the reactive group (Kato et al. 2005). Several
substrate-based probes and a number of ABPs have been developed using this
strategy (Roncase et al. 2017).

Fig. 4 Cysteine-reactive
probes which incorporate
electrophiles such as epoxide,
a-chloroacetamide, and
AOMK
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AOMK-containing probes have been used to study the cysteine-protease domain
(CPD) of Clostridium difficile toxins A and B (AOMK-Leu-Ser-TAMRA;
TAMRA-AWP-19; Fig. 4). This compound covalently labels the active site in
CPD and enables the use of an activity-based probe as a tool for investigating
potential covalent binders of the active site. Bender et al. utilized
TAMRA-AWP-19 as a competitor to investigate the ability of a library of
FDA-approved drugs to inhibit CPD and found that ebselen, a clinical trial can-
didate for multiple indications, was a potent inhibitor of these proteins (Bender
et al. 2015).

Bacteria use quorum sensing (QS), an inter-cellular communication mechanism
that depends on cell density, to communicate with other bacteria and their envi-
ronment. Pseudomonas aeruginosa is an opportunistic human pathogen that causes
severe chronic infections in immunocompromised and cystic fibrosis patients.
Given the high clinical significance of P. aeruginosa, it has become one of the main
model organisms in which to study QS systems (Lee and Zhang 2015). One of the
best characterized systems in this microorganism, the PQS system, regulates the
production of a variety of virulence factors, using 2-alkyl-4-quinolones (AQs) as
signal molecules (Prothiwa et al. 2016). In order to identify the exact roles of
different AQs, cysteine-reactive chemical probes were synthesized to monitor the
activity of the PqsD enzyme, which is involved in the biosynthesis of AQs. Among
the tested electrophiles, a-chloroacetamide probes (CA2, Fig. 4) selectively labeled
the active-site cysteine, which were further used in fluorescence-based PqsD
inhibition assays. Several compounds were found to inhibit probe binding, which
could be further used to expand the toolkit to study PqsD enzyme (Prothiwa et al.
2016).

4.3 Antibiotic-Derived Probes

b-lactams comprise the largest class of antibiotics in clinical use and have shown
great success in combating Gram-positive and Gram-negative bacteria. b-lactams
prevent cell growth and division through inhibition of a class of bacterial enzymes
known as the penicillin-binding proteins (PBPs). PBPs catalyze the polymerization
(transglycosylation) and cross-linking (transpeptidation) of bacterial cell wall, also
known as the peptidoglycan (PG). b-lactams structurally resemble the terminal D-
Ala-D-Ala group of PG stem peptides, and hence, the transpeptidase (TP) domain of
PBPs recognize them as their natural substrate. Although PBPs were discovered as
targets of the b-lactam antibiotics multiple decades ago, the specific roles of indi-
vidual PBP homologs remain enigmatic.

During the transpeptidation step, a conserved serine residue from the active-site
attacks the b-lactam ring in a mechanism-based manner, leading to formation of an
inert acyl–enzyme complex that inhibits biosynthesis of the cell wall. Given the
chemical stability of this acyl–PBP intermediate, b-lactams have long been used as
chemical probes to study the PBPs. While radioactive penicillins were commonly
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applied in this regard for several decades, fluorescent analogues were more recently
produced and quickly replaced their radioactive counterparts for profiling the
activity of PBPs. Bocillin-FL (Boc-FL), comprised of penicillin-V and BODIPY FL
as a reporter group, is commercially available. Showing global affinity for the entire
PBP content in a given microorganism, Boc-FL has been exploited to monitor TP
activity in pure protein samples, as well as cell lysates and whole cells in multiple
microbes (Fig. 5a). In order to obtain selectivity for individual or a subset of PBPs,
cephalosporin C molecules tagged with different fluorophores were developed
which targeted a subset of PBPs in B. subtilis and S. pneumoniae (Fig. 5b)
(Kocaoglu et al. 2012). Staub and Sieber produced ABPs using natural
product-based antibiotics, ampicillin, cephalosporin C, or aztreonam, that were
functionalized with an alkyne handle to target penicillin-binding proteins (PBPs;
Fig. 5c) (Staub and Sieber 2008). These antibiotic-based probes were tested in
multiple organisms including Pseudomonas putida, Listeria welshimeri, and
Bacillus licheniformis, and were shown to target PBPs specifically. In the same
study, synthetic b-lactams were also developed, which were shown to target a
diverse set of resistance- and virulence-associated proteins in addition to the PBPs.
Among the targeted proteins, caseinolytic protein protease (ClpP) stood out, which
is a highly conserved serine protease with established crucial roles in the virulence
of pathogenic bacteria such as Staphylococcus aureus and MRSA strains (Staub
and Sieber 2008).

4.4 Carbohydrate-Based Probes

Glycoside hydrolases (GHs), also known as glycosidases, are a large class of
enzymes with central roles in both prokaryotic and eukaryotic systems. Their
enzymatic function leads to either inversion or retention of anomeric configuration
upon hydrolysis. The latter mechanism employs two carboxylate residues; one that

Fig. 5 Antibiotic-based probes containing an electrophilic lactam ring
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acts as a nucleophile and one that acts as a general acid/base catalyst (Zechel and
Withers 2000). This catalytic mechanism proceeds through the formation of a
covalent glycosyl–enzyme complex, and hence, chemical probes could be devised
to trap this intermediate (Fig. 6a). It must be noted that GH enzymes, especially
exo-glycosidases which cleave only the terminal ends of glycoconjugates, have a
pocket-shaped active site, enabling extensive enzyme–substrate interactions, yet
hindering the development of chemical probes due to limitation in accommodating
bulky groups (Vocadlo and Bertozzi 2004). To characterize glycosidases that do not
proceed through formation of a covalent glycosyl–enzyme intermediate,
affinity-based probes containing photoreactive groups such as diazirines, ben-
zophenones, or aryl azides are employed (Gandy et al. 2011), which is beyond the
scope of this review. 2-Deoxy-2-fluoroglycosides have long been known as
mechanism-based glycosidase inhibitors (Withers et al. 1987). In fact, inclusion of a
fluorine group at the C2 or C5 of the sugar moiety would destabilize the transition
state for deglycosylation of glycosyl–enzyme intermediate (Wicki et al. 2002).
Placing a good leaving group at the anomeric position is very important and would
kinetically facilitate formation of the covalent intermediate. Another key consid-
eration is the reporter group, which must meet strict size requirements, due to the
aforementioned limitations posed by the active site of this enzyme family.
Considering all of these factors, fluorosugar-based probes have been developed and
applied in ABPP of GHs. In most cases, click-compatible groups, such as alkynes
or azides, are exploited to reduce probe size and enable ligation with reporters and
affinity tags. The Bertozzi group pioneered the field by modifying
2-deoxy-2-fluoro-b-D-galactosyl fluoride to include a 6-azido group, which was
later used to attach a FLAG tag through the Staudinger ligation. This probe, called
6Az2FGalF, successfully labeled E. coli LacZ both as the pure enzyme and in cell
lysates, demonstrating the power of ABPs for rapid detection of GHs (Vocadlo and
Bertozzi 2004). Stubbs et al. developed a 2-azidoacetyl-2-deoxy-5-fluoro-b-D-
glucopyranosyl fluoride (2AA5FGF) probe and utilized it to profile the activity of
the NagZ enzyme in V. cholera, a key enzyme involved in peptidoglycan recycling
pathways in Gram-negative bacteria. Using the Staudinger ligation or Sharpless–
Meldal click reaction, reporters and affinity groups were added (Stubbs et al. 2008)
(Fig. 6b).

ABPP methods have been employed to increase our understanding of microbial
metabolism. Among the numerous microbial metabolic pathways, those that are
related to biofuel conversion have received significant attention due to the world’s
growing demand for renewable and sustainable energy sources. In this regard,
ABPP would enable functional characterization of unknown enzymes, measure-
ment of changes in activity under different conditions, and the discovery and
manipulation of new biofuel pathways. A recent review summarizes the application
of ABPP in bioenergy conversion (Liu et al. 2015). Hydrolysis of the glycosidic
bond, catalyzed by microbial GHs, is the rate-limiting step in the biofuel conversion
process. An excellent study sought to target Clostridium thermocellum, an anaer-
obic bacterium capable of utilizing cellulose to efficiently produce ethanol through a
multienzyme complex known as the cellulosome. A diverse suite of activity- and
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affinity-based probes were generated and applied to the C. thermocellum cellulo-
some, revealing various probes with selectivity for GH enzymes. Different reactive
groups, structural variation of the carbohydrate backbone, e.g. mono- or dissac-
charide, as well as modifications such as O-acetylation of sugar units, were
employed to tune the protein labeling profile (GH-ABPs, Fig. 6b). Derivatization
of ABPs led to significant variability in GH labeling profiles, broadening the
application of such GH-ABPs for study of cellulose-degrading enzymes in both
aerobic and anaerobic systems (Chauvigne-Hines et al. 2012).

4.5 Probes Inspired by Natural Products

Activity-based profiling of enzyme families for which irreversible covalent inhi-
bitors are not known can be challenging. Moreover, selective targeting of individual
enzymes within a family may not be possible by merely using the known inhibitors
and novel chemical tools must be devised. In cases that nucleophilic residues are

Fig. 6 a Mechanism of hydrolysis of glycosidic bond by b-glucosidases. b Structures of
carbohydrate-based ABPs
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involved in the catalytic process, probes could be designed using the variety of
electrophiles available for incorporation into ABPs.

b-lactone (2-oxetanone) scaffolds, inspired by several natural products (Fig. 7a),
have been used in the design of ABPs to target various enzymes and enzyme
classes. b-lactones represent a group of compounds with promising biological

Fig. 7 Probes inspired by natural products. a Structure of natural products containing a b-lactone
group. b General structure of b-lactone probe library developed by Bottcher et al. c General
structure of PBP-selective b-lactone probes, as well as those used for imaging the PBPs; 7FL
and 8T
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activity and electrophilic potential, facilitating covalent addition of active-site
residues. Böttcher and Sieber applied b-lactones functionalized with an alkyne
group to prokaryotes in order to identify their target enzymes in P. putida,
L. welshimeri, B. licheniformis, B. subtilis, and E. coli, as well as mouse liver
cytosol as a eukaryotic control system. Different aliphatic and aromatic groups,
inspired by the ones found in natural products, were inserted on the C2-position of
the b-lactone ring to introduce diversity and increase targeting (Bottcher and Sieber
2008a) (Fig. 7b). Several enzymes involved in bacterial metabolism, antibiotic
resistance, and virulence, such as ClpP, were identified (Bottcher and Sieber
2008a). Application of these molecules to S. aureus enabled specific targeting of
ClpP in this pathogen, leading to development of ClpP inhibitors as antivirulence
agents for the first time (Bottcher and Sieber 2008a, b; Weinandy et al. 2014).

To label the PBPs, especially those that are least targeted by the b-lactams,
Sharifzadeh et al. developed a library of probes containing a b-lactone electrophilic
group, various amino acids to induce selectivity, a spacer group, and a fluorophore
tag as a reporter (Fig. 7c). The lactone scaffold, including the configuration of
functional groups located on the ring, was designed to mimic the natural D-Ala-D-
Ala portion of PG, i.e., the natural substrate of the PBPs (See Sect. 3.2).
Interestingly, the 2S, 3R configuration of the amine and methyl groups, which
mimics the substrate geometry, was proven essential for PBP binding as the 2R, 3S
isomer rendered the probes inactive (Sharifzadeh et al. 2017). Given that most
b-lactone natural products are active in the trans configuration, this study
demonstrates the importance of structural considerations as part of probe design.
The PBP labeling profile of these b-lactone probes was assessed in S. pneumoniae.
Subsequently, two of the devised probes were used to visualize the activity of PBPs
2x and 2b in pneumococcal cells for the first time using dual color super-resolution
fluorescence microscopy, highlighting the potential of ABPs in solving biological
problems (Fig. 7c).

5 Application of ABPP in Natural Product Target
Discovery

Natural products have evolved to encompass various bioactivity profiles and have
found medicinal applications for many centuries. Due to their biosynthetic origin
and often complex chemical structures, natural compounds interact with a vast
number of biological macromolecules, usually in a highly selective manner. Some
natural products react with their targets to form a covalent complex. This covalent
reactivity, along with the high selectivity of these compounds, makes this group of
natural products highly relevant for ABPP studies and target discovery. Two such
cases pertaining to antimicrobial natural products are discussed here, and the avid
reader is referred to other existing reviews for more examples (Drahl et al. 2005;
Carlson 2010; Wright and Sieber 2016; Krysiak and Breinbauer 2012; Chen et al.
2017). However, it must be noted that generation of ABPs requires modifying the
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parent molecule to include a reporter tag, which might affect the bioactivity of the
molecule and may be synthetically challenging.

4-Hydroxyderricin (4-HD) is a chalcone derived from the Angelica keiskei plant
that has received much attention for its antimicrobial activity against crucial human
pathogens such as S. aureus. To identify its macromolecular target in S. aureus,
4-HD was functionalized with an alkyne handle and ABPP studies were under-
taken. This study suggested that seryl tRNA synthetases (STS) are targeted by
4-HD via the formation of covalent bonds with essential cysteine residues from the
active site (Fig. 8) (Battenberg et al. 2013).

Showdomycin is an antibacterial nucleoside analogue isolated from
Streptomyces showdoensis. A closer look at the structure of showdomycin reveals
close resemblance with uridine, in which the 1′-pyrimidine group is replaced with
an electrophilic maleimide moiety (Fig. 8). In order to uncover its biological target,
a showdomycin-based ABP was synthesized through conjugation of an alkyne
moiety at the 5′-O position (Bottcher and Sieber 2010). This investigation indicated
that the antibacterial activity of showdomycin could be attributed to interactions
with various enzymes, among which MurA1 and MurA2 stood out as essential
enzymes involved with bacterial cell wall biosynthesis. Moreover, significant dif-
ferences in the activities of a number of virulence-associated enzymes were elu-
cidated between pathogenic and non-pathogenic bacteria (Bottcher and Sieber
2010).

Fig. 8 Natural product ABPs
used in target discovery. The
natural product is modified
with addition of a click handle
(shown in red) or a reporter
group to enable detection,
enrichment, and
characterization of targeted
proteins
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6 Conclusion

ABPP has significantly advanced the fields of proteomics, enzymology, and probe
and inhibitor development, enabling the precise study of enzymes in an
activity-dependent manner. Although ABPP has been applied extensively in
eukaryotic systems, use in prokaryotes has lagged. Here, we have described ABP
design strategies and examples of the use of ABPP in bacterial systems. The need
for elucidating new drug targets in bacterial organisms is becoming dire, as
antimicrobial resistance involving clinically targeted enzymes has led to
pan-resistant organisms that can no longer be effectively treated. ABPP presents a
platform from which new drug targets can be discovered and exploited. As
described with the Sieber and Carlson groups’ work with b-lactones, the ability to
rationally design enzyme-specific probes provides a powerful and invaluable tool to
better understand the mechanisms by which bacteria function, including
pathogenicity. Additionally, use of natural products as a basis to create selective
scaffolds has been described and should continue to be exploited. Future work must
strive to build and design scaffolds that are capable of selectively targeting indi-
vidual enzymes or enzyme classes in prokaryotes. Although it has only been
applied in eukaryotes, the use of nucleophilic hydrazine-based probes to target
cellular electrophiles in reversed-polarity (RP)-ABPP represents a new direction in
the field of ABPP, extending the range of targetable proteins (Matthews et al.
2017). Moreover, this methodology could aid in understanding the understudied
field of post-translational modifications in bacteria. Continuing research into the
advancement of MS-based detection methods will also increase the utility of
ABPP. Lastly, multiple research areas such as microbial pathogenesis, renewable
energy, and biotechnology would benefit from advancements in this powerful
analytical platform.
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Abstract Mycobacteria, from saprophytic to pathogenic species, encounter diverse
environments that demand metabolic versatility and rapid adaptation from these
bacteria for their survival. The human pathogen Mycobacterium tuberculosis, for
example, can enter a reversible state of dormancy in which it is metabolically
active, but does not increase in number, and which is believed to enable its survival
in the human host for years, with attendant risk for reactivation to active tuber-
culosis. Driven by the need to combat mycobacterial diseases like tuberculosis,
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efforts to understand such adaptations have benefitted in recent years from appli-
cation of activity-based probes. These studies have been inspired by the potential of
these chemical tools to uncover protein function for previously unannotated pro-
teins, track shifts in protein activity as a function of environment, and provide a
streamlined method for screening and developing inhibitors. Here we seek to
contextualize progress thus far with achieving these goals and highlight the unique
challenges and opportunities for activity-based probes to further our understanding
of protein function and regulation, bacterial physiology, and antibiotic
development.

1 Introduction

The past six years have seen the burgeoning application of activity-based probes
(ABPs) to mycobacteria, from protein profiling with well-established probes to the
development of probes for particular enzymes to the identification of inhibitor
targets. Mycobacteria include numerous pathogenic species, including
Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis in humans
and the focus of most studies to date that use ABPs. Mtb is a major human
pathogen, causes millions of deaths annually, and infects an estimated one-third of
the world’s population. Most infected individuals are asymptomatic, a clinical state
known as latency, but are at risk of reactivation to active disease by mechanisms
that are as yet poorly understood (Ernst 2012). The complexity of Mtb infection and
disease and the host–pathogen interactions that underlie different disease states
remain poorly understood. Efforts to unravel the mechanisms by which Mtb can
survive and thrive within humans often use in vitro culture models that mimic the
host environment. In particular, various environmental factors induce a state known
as non-replicating persistence, or dormancy, in which the bacteria remain
metabolically active and in fact grow and divide, but do not “replicate” in the sense
of increasing in number (Rittershaus et al. 2013). This is a phenotypic state that is
reversible: Mtb recovers and grows logarithmically upon removal of the relevant
factor. Mtb in this state displays phenotypic drug tolerance compared to actively
replicating Mtb. In human disease, phenotypically drug-tolerant subpopulations of
Mtb are believed to contribute to the long antibiotic treatment times necessary to
achieve clinical cure (Gold and Nathan 2017). Thus, a major goal in mycobacterial
research is to understand mechanisms that enable Mtb to enter into and reactivate
from dormancy. One of the best-studied models is hypoxia, which has been used in
many of the activity-based protein-profiling (ABPP) studies in Mtb discussed in this
review (Rustad et al. 2009).

The Mtb genome was first sequenced in 1998 and revealed that Mtb encodes
many proteins with little or no homology to proteins of known function (Cole et al.
1998). To date, a significant proportion of the proteome still bears the annotation
“conserved hypothetical protein.” ABPP thus has obvious appeal as a method to
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investigate protein activity in response to conditions that mimic the infection
context and to aid the functional annotation of the proteome.

This review assumes a general knowledge of ABPs, which we define as
chemical tools that covalently modify proteins and enable subsequent detection of
the resulting adducts. For more detailed coverage of ABPs and ABPP method-
ologies, we refer the reader to several reviews (Barglow and Cravatt 2007; Cravatt
et al. 2008; Simon and Cravatt 2010). We focus below on the handful of studies on
mycobacteria, and for studies performed with similar probes, we present additional
comparative analyses for the proteins that were identified and discuss remaining
opportunities.

2 Activity-Based Protein Profiling in Mycobacterium
tuberculosis

ABPP studies in Mtb have been pursued for two well-characterized classes of
activity-based probes: a lysine-reactive ATP analogue for ATP-binding proteins
and a serine-modifying fluorophosphonate for serine hydrolases. In this section, we
review and compare the resulting profiles, especially with respect to novel protein
annotation and comparison between culture conditions.

2.1 Profiling of ATP-Binding Proteins

Two studies in M. tuberculosis were published nearly concurrently in 2013
(Ansong et al. 2013; Wolfe et al. 2013). Both used acylphosphate ATP analogues
that covalently modify lysine side chain(s) proximal to an ATP-binding site
(Table 1). The primary differences between the two studies were (1) the nature of
the acyl modification on the probe, (2) the method used to enrich and detect
modified proteins, and (3) whether a comparative condition was also profiled. We
first summarize the outcomes of each study, highlighting important methodological
distinctions, and then compare the results.

Ansong et al. used a custom “label-free” diacyl ATP analogue with a terminal
alkyne on each of the acyl chains (Ansong et al. 2013). Treatment of whole-cell
lysates of Mtb with this probe was followed by copper-mediated azide-alkyne
cycloaddition with commercially available biotin-azide. The intact biotinylated
proteins were enriched by streptavidin affinity chromatography and detected by
accurate mass and time (AMT) tag mass spectrometry (Zimmer et al. 2006), which
in this context the authors term AMT-ABPP. The primary advantage of the AMT
approach is to enable higher sample throughput by comparing accurate mass and
retention time information from experimental samples to a rigorously validated
AMT peptide database based on MS/MS assignments of peptides from reference
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samples. By assigning peptides in experimental samples by comparison to the
database, this approach largely obviates the need to do full MS/MS analysis
(although very high run-to-run LC-MS reproducibility is a must) and thus makes
acquiring data for multiple replicates and conditions more efficient. As such,
Ansong et al. analyzed Mtb lysates treated with dimethyl sulfoxide (DMSO) to
control for non-specific binding to streptavidin and lysates pretreated with ATPcS
to control for non-specific labeling of their probe. Importantly, the conditions for
the ATPcS treatment were validated by dose-dependent competition experiments
using fluorescence detection to determine the ATPcS concentration range that
competes successfully with their probe (approximately � 1 mM). For the MS
analyses, their rigorous cutoff criteria for hit proteins included detection of � 2
unique peptides, a statistically significant difference across all replicates of
probe-treated and the two negative controls, and an intensity ratio of � 5 for probe
versus DMSO treatment, which is higher than the more common twofold literature
precedent. Nevertheless, they detected 317 proteins (77% of the predicted pro-
teome) that met these criteria and thereby validated the current functional annota-
tion for 245 members of various ATP-binding protein families. These results
indicate surprisingly widespread adenosine nucleotide binding within Mtb, as noted
by the title of the study.

Their results validated known and predicted ATP-binding or ATP-processing
proteins such as kinases and nucleotide-binding proteins and also proteins that bind
to or react with acyl-CoA molecules. Interestingly, only 5 of the 11 predicted Ser/
Thr kinases (PknA, B, D, G, F) were detected, highlighting the potential of ABPP
to validate expression and activity (or integrity) at the protein level under a given
growth condition. With respect to the potential of ABPP to yield novel protein
annotation, 72 of the 317 proteins were annotated as hypothetical and therefore
constitute potential novel ATP-binding proteins. In addition, 9 proteins had anno-
tation but no known nucleotide binding or phosphohydrolase activity. Although
these proteins were considered the result of non-selective “false labeling,” the
authors acknowledge that their methods, which isolated proteins under native
conditions, allowed for the potential enrichment and detection of proteins that
interact with ATP-binding proteins.

Ansong et al. went on to complete a more detailed bioinformatics analysis of the
73 hypothetical proteins, which yielded an additional 36 proteins with some
homology consistent with nucleotide binding and/or ATPase activity. The two
bioinformatics methods used for these predictions were not in complete agreement
with each other, however. The authors note that this discrepancy highlights the
power of experimental probe-labeling data to validate computational approaches.

Most importantly, the authors validated ATP binding for a selection of the
remaining 36 proteins with no sequence similarity to known nucleotide-binding
domains. They recombinantly expressed and demonstrated labeling with ATP-ABP
and competition of labeling with ATP or ATPcS for 5 proteins, confirmed the
modified lysine by mutation for 2 proteins, and identified the modified peptide for 1
protein. They also identified the modified peptide for two Ser/Thr protein kinases,
PknB and PknD, and confirmed that the identity of the modified lysine is consistent
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with the expected position of the ATP-binding site. As such, the study provides
ample confirmation for their method as well as strong evidence for a group of
probable novel nucleotide-binding domains that provide initial functional infor-
mation for proteins of otherwise unknown function and likely represent novel
nucleotide-binding motifs and folds.

On the heels of the Ansong et al. study, Wolfe et al. published an analogous
investigation using the commercially available desthiobiotin-ATP monoacylphos-
phate probe (Table 1) (Wolfe et al. 2013). They performed profiling on lysates from
Mtb grown not only under standard normoxic culture conditions for 7 days, but
also under hypoxia upon gradual oxygen depletion over 14 days. In contrast to the
other study, they trypsinized the probe-treated lysates prior to streptavidin affinity
enrichment and detection by traditional shotgun proteomics methods. As such, their
most rigorous cutoff for hit identification is detection of the lysine-modified peptide.
This approach guarantees bona fide reactivity of the protein with the probe, so
non-reactive but interacting proteins are not a consideration as they were for
Ansong et al., although non-specific reactivity is still a possibility as noted further
below. At the same time, detection of the modified peptide is the greatest potential
limitation, as it restricts the sensitivity of their approach based on the ion yields of
modified peptides for LC-MS/MS detection. Thus, it is not surprising that Wolfe
et al. report 139 proteins that met their criteria of � 1 peptide detected in � 2
biological replicates with � 90% confidence under either condition (multiple nor-
moxic and hypoxic biological replicates). Importantly, the original publication
reports 122 proteins, but this number erroneously does not include 17 additional
high-confidence identifications that are reported in Table S1, although they are
included in the analysis of differentially abundant proteins under normoxia versus
hypoxia (Wolfe and Dobos, personal communication). A DMSO-treated control
was reported qualitatively and revealed only a handful of proteins, most of which
were deemed by the authors to be probable promiscuous binders due to their
abundance in the proteome. As in Ansong et al., only a subset of Ser/Thr kinases
was detected although one additional kinase, PknH, was also identified.

Importantly, as noted by the authors, the desthiobiotin-labeled probe can also
modify biotin-binding or metabolizing enzymes, and indeed, the 139 proteins
include the biotin-dependent enzymes AccA1, A2, A3, and AccD5. These were not
identified by Ansong et al., consistent with their use of a “label-free” alkyne probe,
and this outcome highlights the chemical nature of the probe and the use of
appropriate controls as key considerations in activity-based profiling studies.

Otherwise, Wolfe et al. focused primarily on comparative analyses between
treatment conditions rather than mining their results for novel ATP-binding pro-
teins. Under hypoxia, they detected several changes consistent with known shifts in
RNA levels, including the upregulation of proteins such as HspX, Acg, TB31.7,
Rv2624c, and Rv1738, whose expression is controlled by the hypoxic-responsive
transcriptional regulator DosR (Galagan et al. 2013). Similarly, the upregulation of
isocitrate lyase (Icl, Rv0467) and malate synthase G (GlcB), as also confirmed by
Western blot, is consistent with a hypoxia-induced metabolic shift to alternative
carbon metabolism pathways such as the glyoxylate shunt. Perhaps most obviously
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novel is the failure to detect most protein kinases (with the exception of PknA)
under hypoxia. Although no interpretation is offered, this suggests a drastic shift in
signaling and raises questions about how processes influenced by these kinases,
including cell growth and division and cell wall synthesis, are regulated under
hypoxia, especially given that PknG and PknB have important roles in virulence
and survival (Cowley et al. 2004; Fernandez et al. 2006) and Mtb remains
metabolically active and continues to grow and divide even during dormancy.

The authors also compare probe labeling under normoxia and hypoxia with or
without ATPcS pre-treatment, although they consider this condition not as a neg-
ative control condition as Ansong et al. did, but as a proxy for ATP-competitive
inhibitors. It is not clear that the non-covalent binding of ATPcS would be fully
competitive with their probe under the conditions used (0.5 mM ATPcS, 5 mM
probe), and as such, it is not surprising that they detected many known
ATP-binding proteins that were labeled by the probe even in the presence of
ATPcS. More surprising is the difference for several proteins in apparent ATPcS
competition under normoxia and hypoxia. For example, in the presence of ATPcS,
the chaperone DnaK is labeled to a greater degree by ATP-ABP under hypoxia
versus normoxia, while overall probe labeling in the absence of ATPcS remains
largely unchanged. The authors propose that these effects reflect dynamic binding
constants for ATP based on the differential availability of co-factors during different
growth states, an intriguing idea that remains to be further tested.

The two studies employing ATP-based activity-based probes were performed
under different growth conditions using different labeling, enrichment and detection
strategies and perhaps as a consequence yielded labeled proteomes with limited

263 8554

Biotin-dependent enzymes 
AccA1 
AccA2 
AccA3 
AccD5 

Ser/Thr protein kinases 
PknA 
PknB 
PknD 
PknF 
PknG 

PknH 

Ansong et al. 
2013

Wolfe et al. 
2013

Fig. 1 Distribution of observed ATP probe-labeled proteins in M. tuberculosis.Diagram showing
the distribution of proteins detected under any conditions reported by Ansong et al. and Wolfe
et al. Five Ser/Thr protein kinases were detected by both; PknH was uniquely identified by Wolfe
et al. Use of desthiobiotin-ATP may have influenced the labeling and detection of
biotin-dependent enzymes via protein binding to desthiobiotin rather than ATP by Wolfe et al.
2013
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overlap (Fig. 1). Only 54 proteins were detected in common, although their dis-
tribution across the various functional categories was largely similar, suggesting
that they are both broadly sampling the ATP-binding proteome (Table 2).
Compared to the overall predicted proteome, both detected proteomes had over-
representation in the functional categories of information pathways (called tran-
scription and translation by Ansong et al.) and lipid metabolism (both by 2- to
3-fold), but underrepresentation in the cell wall and cell processes (*2-fold). Both
studies detected all 5 kinases found by Ansong et al. The failure to detect PknE, I,
K, and L by either study is at first surprising, especially as a DpknE mutant has
growth and virulence defects, implying that PknE is expressed (Kumar et al. 2013).
On the other hand, a post-translational regulatory mechanism may keep these
kinases in an ATP-binding incompetent state under the growth conditions used, or
technical limitations such as low protein abundance or the absence of an appropriate
lysine for labeling prevented their detection. The last point highlights a potential
limitation of the probe that is not explicitly addressed by either study, but should be
kept in mind when considering potential false negatives.

Table 2 Functional categories of M. tuberculosis proteins identified by ATP probes

H37Rv proteomea Ansong et al.
(2013)

Wolfe et al. (2013)

Category Number Percent Number Percent Number Percent

Intermediary
metabolism and
respiration

877 22 80 25 47 34

Information pathways
(transcription/
translation)

206 5 62 19 23 17

Conserved
hypotheticals

907 23 49 15 13 9

Lipid Metabolism 225 6 34 11 23 17

Unknown 653 16 32 10 0 0

Cell wall and cell
processes

513 13 26 8 11 8

Regulatory proteins 188 5 23 7 8 6

Virulence,
detoxification and
adaptation

90 2 12 4 14 10

PE/PPE 165 4 1 0 0 0

Insertion sequences
and phages

136 3 0 0 0 0

Total 3960 319b 139
aAs reported by Ansong et al. (2013)
bThis total is 2 more than the reported total number of detected proteins (317), but is consistent
with the functional category distribution in Table 1 of Ansong et al. (2013)
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Overall several key implications of ATP-ABP profiling in Mtb are (1) the large
group of putative ATP-binding proteins that bear no homology to known
nucleotide-binding domains and (2) the apparent wholesale downregulation of
protein kinases under hypoxia. Unfortunately, there have been no further studies
following up on either finding.

2.2 Profiling of Serine Hydrolase Enzymes

As with the ATP probe studies, two studies profiling serine hydrolases in M.
tuberculosis were published close together in 2016 (Ortega et al. 2016; Tallman
et al. 2016). Ortega et al. (2016) came from the same team of Christoph Grundner
(CIDR) and Aaron Wright (PNNL) that gave rise to the Ansong et al. study;
Tallman et al. came from the laboratory of Kimberly Beatty (OHSU), who has
specialized in fluorogenic probes for general esterase activity. While both compared
serine hydrolase labeling under replicating and non-replicating conditions, Tallman
et al. analyzed non-replicating cells induced by nutrient starvation in addition to
hypoxia. Otherwise, the studies again differ primarily in the nature of the label on
the fluorophosphonate, the methods used to detect and identify the modified pro-
teins, and the precise growth conditions compared. We review first the overall
serine hydrolase profiles detected by each of the two studies and then compare the
results from both for cells cultured under hypoxia.

Ortega et al. (2016) once again employed a “label-free” alkyne probe, this time
connected via a PEG linker to a fluorophosphonate group, which covalently and
selectively modifies the active site serine residue of serine hydrolases. Their anal-
ysis included comparisons among multiple replicates not only of probe-treated and
vehicle-treated controls, but also of probe-treated samples from cells growth grown
in normoxic versus hypoxic conditions. Using similar cutoff criteria for hit iden-
tification as in their ATP-ABP study, the authors detected 208 proteins.
Interestingly, the majority (130 proteins) had annotations other than hydrolase,
while the remaining 78 were annotated as either hydrolases or hypothetical proteins.
Ortega et al. (2016) focused on the 78 proteins for further analysis. Notably, these
hits validated previous annotation for 51 serine hydrolases (as esterases, proteases,
synthases, hydratases, amidases, or other hydrolases). The category “other hydro-
lases” included enzymes that are not hydrolytic, such as the putative peroxidase/
oxidoreductase BpoC (Rv0554). Ortega et al. (2016) note that the Rv0554 crystal
structure is, however, consistent with a serine hydrolase, with an alpha/beta
hydrolase fold and a putative catalytic triad (Johnston et al. 2010). Rv0554 is thus
an important example of a likely mis-annotation revealed by ABPP.

As for novel annotation, 27 hypothetical proteins were identified as serine
hydrolases and bioinformatic analysis supported hydrolase assignment for 17 of
these. ABPP provides important validation of these computational predictions, as it
did in the ATP-ABP profiling, but in terms of the potential of ABPP to supply truly
unique information, the set of 130 “non-hydrolases” is arguably the more
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interesting group to consider. Ortega et al. (2016) note that the serine hydrolase
activity that they detect for these proteins may be due to an additional function or
another domain in these enzymes. While the results of this ABP study raise
intriguing questions about functional annotation, further biochemical studies are
clearly required not only to validate assignments as hydrolases, but to determine
physiological functions. Ortega et al. (2016) did follow up by expressing and
purifying six of the hypothetical proteins (Rv0525, Rv0613c, Rv1192, Rv1794,
Rv3311, and Rv3528c) and providing evidence for proteolytic activity for four of
them, including two (Rv0613c, Rv3311) that had no bioinformatic support for
hydrolase assignment. Unlike for the ATP-ABP study, however, they did not
confirm activity by ABP labeling or serine modification by mutation for any of
these candidates. We have confirmed Rv1192 as a serine hydrolase by these assays,
but were unable to replicate the protease activity (Patel, Seeliger et al., unpublished
data). Our results underscore the challenge of going beyond hydrolase assignment
to characterizing the cellular functions for these enzymes, given the broad range of
activities encompassed by the serine hydrolase superfamily.

Tallman et al. used a commercially available desthiobiotin-labeled probe, which
also differed from the ABP used by Ortega et al. (2016) in having a saturated alkyl
chain rather than a PEG linker to the fluorophosphonate-reactive group (Tallman
et al. 2016). They did not compare probe-treated samples to vehicle-treated con-
trols; the absence of this key comparative control may be one reason they limited
their analysis to annotated serine hydrolases. Of the 52 proteins that met their cutoff
and annotation criteria, they compared only annotated lipases and esterases to
results from other studies, revealing that 14 were also detected by Ortega et al.
(2016). We performed a more comprehensive comparison of the serine hydrolases
and all detected proteins from both studies and found greater overlap between the
two data sets (Fig. 2). Overall, 97 hydrolases (as defined by either study) were
detected by at least one study with 34 detected by both (35% overlap). Interestingly,
among these are the potentially mis-annotated Rv0445c (previously labeled as the
peroxidase BpoC) and 6 conserved hypothetical proteins, thus corroborating the
assignments by Ortega et al. (2016).

Tallman et al. noted that they detected additional annotated lipases and esterases
compared to Ortega et al., perhaps due to the more lipophilic nature of their probe.
Our analysis of all detected proteins showed that the serine hydrolases that they
uniquely identified include additional lipid-processing enzymes, including the
polyketide synthases Pks2, Pks5, and Pks6 (Quadri 2014) and the probable mycolic
acid epoxide hydrolase EphD (Madacki et al. 2018). Finally, 45 “non-hydrolases”
were detected by both studies. This overlap supports the hypothesis by Ortega et al.
(2016) that this group represents proteins that have an additional hydrolase domain
or hydrolase function. On the other hand, some may be due to non-specific
detection of abundant proteins (e.g., ribosomal proteins), although this should be
unlikely for Ortega et al. (2016) given their stringent comparison to vehicle-treated
controls. Further, these and other proteins may have been identified due to their
interaction with serine hydrolases. This possibility was raised by Ansong et al. for
the ATP-ABP profiling.
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In comparing serine hydrolase labeling for Mtb cultured under normoxia versus
hypoxia, Ortega et al. (2016) limited their analysis to the 78 hydrolases and
hypothetical proteins that they detected under both conditions. Strikingly, the
majority appear to be regulated in an on/off manner, with 41 detected only under
aerated/normoxic conditions. Even for those detected under both conditions, most
are downregulated (2- to 25-fold), indicating a general reduction in activity.
Tallman et al. corroborated these results qualitatively by both gel-based analysis
and proteomics. Both studies found few hydrolases that were active exclusively
under hypoxia (1 by Tallman et al. in their limited analysis of annotated serine
hydrolases; 3 by Ortega et al. (2016) among their list of serine hydrolases and
hypothetical proteins). Interestingly, Tallman et al. also profiled the cells returned to
normoxic conditions for a limited 4.5 h to identify serine hydrolases that change
rapidly in activity during this so-called reactivation period. Perhaps due to the very
short adaptation period (*1/5 of the doubling time for Mtb under normoxia), few
changes in annotated serine hydrolases were detected: Only three did not overlap
with those detected under hypoxia. Importantly, Ortega et al. (2016) also performed
quantitative proteomics to obtain relative protein abundances and showed that
changes in protein abundance correlated poorly with changes in activity detected by
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34

Ortega et al. 
2016

Tallman et al.  
201645

83 82

Mycolic acid biosynthesis: 
SAM-dependent methyltransferases
UmaA 
PcaA 

Lipid-processing enzymes 
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Fig. 2 Distribution of observed fluorophosphonate probe-labeled proteins in M. tuberculosis.
Diagram showing the distribution of proteins detected under any conditions reported by Ansong
et al. and Wolfe et al. For each study, the smaller shaded circle represents detected hydrolases as
defined by either study. Several mycolic acid biosynthesis enzymes were detected in common,
although UmaA and PcaA are unlikely serine hydrolases and may have been enriched via their
interaction with Pks13. Tallman et al. uniquely identified many lipid-processing enzymes,
suggesting that their probe is biased toward lipid-binding proteins. They also uniquely detected
several putative peptidases and amidases
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ABPP between normoxic and hypoxic cultures. Thus, they provide experimental
evidence for the oft-cited unique ability of ABPP to report on enzyme function
rather than simply protein expression and suggest that the lack of correlation
indicates extensive post-translational regulation during hypoxia. Both studies
highlight the detection of serine hydrolases that are active under both or exclusively
hypoxic conditions as a unique outcome that points to potential drug targets or
biomarkers.

Tallman et al. also profiled serine hydrolases under a second model of
non-replicating persistence, carbon starvation, and observed an even more sub-
stantial downregulation of serine hydrolases under those conditions versus hypoxia.
Unsurprisingly, given this broad and apparently non-specific effect on the entire
serine hydrolase proteome, they did not pursue proteomics identification under
these conditions. While hypoxia and starvation are known to induce distinct tran-
scriptional responses, this is the first evidence that serine hydrolase activities also
experience distinct shifts under these two in vitro conditions that are commonly
used to induce persistence.

The remainder of the Tallman et al. study was devoted to comparing their ABP
results to applications of fluorogenic esterase substrates developed in their labora-
tory. Notably, they identified at least one esterase, Rv3036c, that was not labeled by
the fluorophosphonate probe. While we do not cover their work with fluorogenic
substrates here since these are not activity-based probes, their results with these
substrate analogues and their comparisons to the Ortega et al. (2016) results
underscore the substrate selectivity that reactive probes exhibit in general, even if
the reactive moiety is identical. Especially as such tools become used more widely,
this is an important reminder that ABPP is not necessarily comprehensive for the
population the probe reports on.

Limitations are also related to detection methods. The Tallman study briefly
addresses at least one example of known serine hydrolases that is not detected by
ABPP, LipY. They attribute lack of detection to a methodological limitation, in that
the tryptic cut sites in LipY are only in domains that are not part of the mature
lipase. Other examples include the lipid acyltransferases Chp1 and Chp2. Neither
was detected by serine hydrolase ABPP, even though they were identified as serine
hydrolases in part by using a fluorophosphonate ABP and both are expressed and
active under replicating conditions based on genetic knockout and chemical inhi-
bition experiments (Belardinelli et al. 2014; Seeliger et al. 2012; Touchette et al.
2015). While Ortega showed that changes in protein abundance and enzyme
activity are not well correlated, both contribute to the probability of detection by
ABPP. Protein abundance and, presumably, enzyme activity span orders of mag-
nitude, which presents a major challenge for comprehensive detection by
ABPP. Also, as proteomics is biased toward the most abundant, and for ABPP, the
most active enzymes, this method may miss the potentially most vulnerable drug
targets, assuming that a target must be inhibited to a significant degree to com-
promise function and bacterial survival. Factors that affect a protein’s desirability as
a drug target are of course myriad and diverse and go beyond abundance and
activity, but it is important to keep in mind what may be missed by ABPP. This is
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particularly important when using ABPP to identify targets of inhibitors and elu-
cidate inhibitor mechanism of action, as detailed further below.

Many of the challenges of applying ABPP and interpreting the results as dis-
cussed above are not specific to mycobacteria. However, comparisons across
in vitro culture models of key phenotypic states such as dormancy highlight how
the results may be influenced by particular growth conditions, such as the means
and kinetics by which hypoxia is achieved. The metabolic versatility of Mtb
including its ability to survive under multiple stressors that induce dormancy and to
metabolize diverse carbon sources means that minor changes in culture conditions
may induce significant regulatory changes, including of enzyme activity, that are
detected by ABPP. Thus, we should be wary of comparisons and generalizations
across studies and cautious of interpretations that may be specific to the experi-
mental setup, rather than reporting on biologically significant phenomena.
However, ABPP in mycobacteria is still in its infancy and its expanded application
for profiling and inhibitor studies will reinforce these initial results.

3 Development of Activity-Based Probes for Applications
to Mycobacteria

In addition to the general profiling studies reviewed above, there are two examples
of activity-based probes developed specifically for applications to Mtb (Duckworth
et al. 2012; Lentz et al. 2016). Both were based on inhibitors developed against
specific target proteins within Mtb, and their application thus far has focused on
in vitro characterization with their targets. Thus, we review them here as potential
tools and separately from inhibitor-based probes used to identify inhibitor targets in
the next section. Below we discuss the motivation for applying these probes in Mtb
and note some of the challenges to development and application that are common to
creating new ABPs.

3.1 Activity-Based Probe for the Adenylating Enzyme MbtA

The first probe, developed by Duckworth et al., is a photo-crosslinking inhibitor of
MbtA. MbtA is an adenylating enzyme in the biosynthesis of the iron-chelating
siderophore mycobactin, which is required for Mtb survival under iron-limiting
conditions (Duckworth et al. 2012). The ABP is based on the bisubstrate inhibitor
5′-O-[N-(salicyl)sulfamoyl]adenosine (Sal-AMS) (Table 1), which not only inhibits
MtbA in vitro, but exhibits a low micromolar minimum inhibitory concentration
against Mtb under iron-deficient conditions. However, Sal-AMS also has activity
under conditions in which mycobactin biosynthesis is not stringently required,
suggesting that it has secondary activity due to off-target effects. Thus, the authors’
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goal was to develop an ABP to identify the targets of Sal-AMS. Since Sal-AMS is a
non-covalent inhibitor, it was necessary to add a reactive group to covalently link
the inhibitor to its binding partners. Their strategy was to extend Sal-AMS at the
C-2 position of the adenosine ring, where previous SAR indicated that MtbA would
be tolerant to modifications. They noted that the Sal-AMS derivative,
2-phenylamino-Sal-AMS, was even more potent against MbtA in vitro and against
Mtb and extended at this position further with a UV-reactive benzophenone
group. To enable detection of inhibitor–protein adducts, they also added an alkyne
group connected via an alkyl linker to the benzophenone. Importantly for their goal
of eventually identifying inhibitor targets, they confirmed that their Sal-AMS ABP
had comparable and selective activity against Mtb under iron-replete versus
iron-limiting conditions.

The bulk of their study concerned the validation of Sal-AMS ABP in a series of
careful assays with purified MbtA enzyme and in crude bacterial lysates. In sum-
mary, they demonstrated UV-dependent reactivity, selectivity for MbtA over
bovine serum albumin as a control protein, dose-dependent labeling, competition
with Sal-AMS in labeling purified MbtA, and labeling of MtbA overexpressed in
E. coli and natively expressed in M. smegmatis, a non-pathogenic relative of Mtb.
Interestingly, they showed that Sal-AMS ABP also labeled the E. coli adenylating
enzyme EntE, demonstrating that their ABP has potential as a general probe for
adenylating enzymes or as a scaffold for developing adenylating enzyme-specific
probes. Unfortunately, despite these promising initial data, there have been no
further reports regarding applications of this adenylation ABP.

3.2 Activity-Based Probe for the Serine Protease Hip1

The second ABP was developed by Lentz et al. against the virulence-associated
serine protease Hip1 (Rv2224c) with the ultimate goal of tracking Hip1 activity in
cells, especially in the context of host cell infection, since Hip1 is implicated in
anti-inflammatory host–pathogen interactions (Lentz et al. 2016). Their
broad-ranging study pursued multiple strategies to develop reporters for Hip1
activity, including screening for optimized substrates and covalent inhibitors as
scaffolds for fluorogenic and activity-based probes. Their first strategy was to turn
an optimized peptidomimetic substrate into a covalent inhibitor by appending a
serine protease-specific reactive group, diphenyl phosphonate (DPP). However,
further characterization revealed that this inhibitor was in fact reversible, which
they hypothesized was due to incompatibility between the Hip1 active site and the
bulky DPP group.

Their next approach was to screen a library of *500 small molecules containing
serine-reactive electrophiles. They identified a series of 7-amino-4-chloro-3-
(2-bromoethoxy)isocoumarins as hits and created an ABP from the most potent
compound by attaching a rhodamine dye (Table 1). Unfortunately, this probe
labeled numerous enzymes in crude lysates of mouse-derived macrophage-like
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cells, but only weakly labeled purified Hip1 that was spiked into the sample. This
result suggested that the probe would not be useful as a specific Hip1 reporter in an
infection context, although the authors did demonstrate Hip1-dependent labeling of
Mtb within macrophage-like cells using fluorogenic peptidomimetic substrates.
Lentz et al. then applied their newfound knowledge of Hip1 substrate specificity to
create a lysine-modified isocoumarin derivative that more selectively inhibited Hip1
in macrophage lysates. They point out that this modified inhibitor has the potential
to become an ABP via the attachment of a tag at one of several available sites, but
no further work in this direction has been reported.

Both Duckworth et al. and Lentz et al. made significant progress toward their
goals, but have not yet applied their tools in the cellular context. The adenylation
probe is poised to be used in Mtb but the probe may have become less useful as a
tool to elucidate the targets of a potential drug candidate since subsequent devel-
opment of the inhibitor scaffold has introduced additional modifications to improve
its pharmacological properties. However, Sal-AMS ABP remains intriguing as a
probe for adenylating enzymes, pending validation studies to examine its generality
across this enzyme class. Duckworth et al. chose to emphasize its potential as a
starting point for enzyme-specific probes. This application arguably faces the same
challenges illustrated by the development of the serine protease probe by Lentz
et al. As in antibiotic development in general, target-based approaches are laborious
undertakings that are poised to yield sensitive but not necessarily selective probes.
Moreover, Lentz et al. focused on testing with Hip1 added to crude mammalian cell
lysates; the goal of imaging in the infection context will depend further on the
ability of the probe to enter both mammalian and Mtb cells.

4 Identification of Inhibitor Targets Using ABPP
in Mycobacteria

In contrast to the previous section, we here review probes that, while also derived
from inhibitors, are not motivated by or designed for specific targets. Thus, the
studies discussed below validated their probes for retention of activity against Mtb,
but otherwise proceeded immediately to identify their targets in mycobacteria
(Lehmann et al. 2017; Ravindran et al. 2014). The two inhibitor-based probes are
similar: Both are designed to mimic lipids or fatty acids and are based on a
b-lactone-reactive group that covalently modifies serine hydrolase active sites.

Since ABPP uniquely provides biochemical evidence for target inhibition, target
profiles have the potential to guide follow-up studies to identify inhibitor mecha-
nism of action and to provide a method with advantages over traditional genetic
approaches using spontaneous resistant mutants. Using the two studies on
b-lactones as well as one example identifying the targets of the non-covalent kinase
inhibitor staurosporine (Hatzios et al. 2013), we discuss the exciting potential and
inherent challenges in exploiting ABPP for mechanism of action studies in
mycobacteria.
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4.1 Targets of Tetrahydrolipstatin

The first report sought to identify the targets of the b-lactone tetrahydrolipstatin
(THL), which is clinically approved for the treatment of severe obesity (as Orlistat),
but also has moderate in vitro activity as an antibiotic (Ravindran et al. 2014).
Ravindran et al. were motivated by earlier studies characterizing THL activity
against both replicating and hypoxia-induced non-replicating mycobacteria to
examine THL targets as a function of growth condition. THL has several alkyl
chains that provide convenient positions for adding an alkyne to allow labeling and
detection of covalent inhibitor–enzyme adducts formed upon inhibitor treatment of
whole Mtb cells. Ravindran et al. synthesized three possible derivatives and chose
THL-alk1 (Table 1) based on retention of activity against M. bovis BCG, an
avirulent vaccine strain, and efficient protein target labeling that was largely
competed by an excess of THL.

Their approach to identifying the targets emphasized reproducibility across
multiple labels (biotin-azide or biotin-rhodamine-azide) and protein isolation
strategies, including from individual gel bands or from entire gel lanes following
avidin enrichment. In all replicates, positive identification was made by comparison
to a DMSO vehicle-treated control. Since detection and isolation of proteins for
identification was gel-based, the analysis was qualitative and likely uncovered the
most abundant and active proteins modified by THL-alk1. After manually removing
proteins detected in the DMSO-treated controls, the definitive criterion for positive
protein identification was detection in at least two of the three labeling replicates
from log-phase conditions and led to a short list of 14 proteins. Unsurprisingly,
given the structure of THL-alk1, this group was dominated by proteins associated
with lipid processing, including putative lipases (Lip D, G, H, I, M, O, N, V, W)
and lipid biosynthetic enzymes (thioesterase TesA and the lipid acyltransferase
Ag85C) (Table 2).

More interestingly, Ravindran et al. tracked the activity of abundant
THL-alk1-labeled proteins over several growth conditions: log-phase culture,
18 days under hypoxia by gradual oxygen depletion in sealed flasks, and 3 days of
regrowth upon re-introduction of oxygen. Similar to the serine hydrolase profiles
observed by Ortega et al. (2016) and Tallman et al., targeted hydrolases were
overall downregulated during hypoxia, although unlike Tallman et al. the authors
observed recovery of activity upon re-aeration, likely because the incubation period
was significantly longer (3 days vs. 4.5 h). Importantly, two major bands in
fluorescent dye-labeled samples retained activity during hypoxia and based on MS
identification included LipM, Ag85C, and TesA. This result is consistent with the
serine hydrolase profiling studies, which detected these three proteins under both
aerating and hypoxic conditions (Tallman et al. detected Ag85C only after
re-aeration). Ravindran et al. further confirmed that the observed changes in
THL-alk1 reactivity did not correlate with corresponding transcript levels, sug-
gesting that strong regulation occurs on the protein level. The authors went on to
confirm that overexpression of LipH and TesA resulted in reduced susceptibility to
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THL. Despite these data, they do not comment on the potential contribution of these
or other hydrolases to the mechanism of action for THL, but rather emphasize the
utility of THL-alk1 as a functional probe for the observed targets and in particular
as a diagnostic tool for monitoring lipase activity.

4.2 Targets of the b-Lactone EZ210

The second study by Lehmann et al. identified a b-lactone with a low micromolar
minimum inhibitory concentration (MIC) against Mtb from a small library of
related compounds originally developed as inhibitors of the protease ClpP in S.
aureus (Lehmann et al. 2017). Interestingly, their hit compound EZ120 was
selective for mycobacteria versus other bacteria and had desirable drug-like prop-
erties including a low micromolar minimal bactericidal concentration and toxicity
to mouse macrophages only at >200-fold the MIC. They introduced an alkyne at
the equivalent position to Ravindran et al. to create a probe (EZ120P) for identi-
fying the targets of EZ120 (Table 1). To maximize protein identification, they
analyzed both soluble and membrane fractions of lysates from probe-treated cells.
Unfortunately, due to experimental limitations, they were able to analyze only the
soluble fraction from Mtb and otherwise analyzed identically treated M. smegmatis
to identify proteins in the insoluble fraction. The quantitative MS analysis com-
paring EZ120P- and DMSO-treated samples yielded a limited number of hits that
met their statistical and fold-change criteria: 5 Mtb and 14 M. smegmatis proteins
from the soluble fraction and 9 M. smegmatis proteins from the insoluble fraction.
Our analysis of these lists showed that among the soluble proteins detected in M.
smegmatis as targets of EZ120P, 12 have Mtb orthologues, but none of these were
detected in the corresponding experiment in Mtb (Table 3). This raises questions
about the validity of extrapolating results between different mycobacterial species.
Notably, both Mtb and M. smegmatis were treated with the same concentration of
probe for the same amount of time despite their very different growth characteristics
(doubling time of 24 vs. 3 h) and susceptibilities to EZ120 (MIC of 1.6 vs. 50 lM).

Several proteins labeled by EZ120P overlap with those labeled by THL-alk1,
namely LipH (also called LipI), LipM, and TesA. In addition, both probes labeled
one or two isoforms of the Ag85 complex, a set of homologous lipid acyltrans-
ferases. The overlap in target profiles is not surprising given the similarities
between the inhibitors. Differences in analysis methods and choice of mycobacterial
species make it difficult to correlate differences in the target lists with structural
differences between the two probes, although THL-alk1 targets included more
lipases and were overall more restricted to lipid-processing enzymes.

For further functional studies on targets of EZ120P, Lehmann et al. considered
only hits that were predicted by genetic studies to be essential to Mtb survival
in vitro, presumably under the assumption that these were most likely to contribute
to the mechanism of action for EZ120. Specifically, they focused on Pks13 and
Ag85A, both proteins involved in the synthesis of cell wall lipids containing
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essential fatty acids known as mycolic acids. In addition to validating biochemically
that EZ120P modifies both proteins, they showed that EZ120 treatment reduces
mycolic acid levels in a dose-dependent manner, at least in M. smegmatis.
However, the effect was significantly weaker than that of isoniazid, a frontline TB
drug and known inhibitor of mycolic acid biosynthesis. Thus, it is not clear whether
inhibition of mycolic acids contributes to the mechanism of action for EZ120.

4.3 Targets of Staurosporine

In the final example of inhibitor target identification in mycobacteria, Ortega et al.
(2014) sought to investigate the role of kinases in Mtb reactivation upon re-aeration
from hypoxia by identifying the targets of the promiscuous kinase inhibitor stau-
rosporine (Ortega et al. 2014). In contrast to the above studies, Ortega et al. (2014)
did not create a probe from staurosporine, but instead performed competitive ABPP
with their ATP-ABP probe (Table 1). In this format, targets are identified by
competition with the inhibitor of interest and detected by loss rather than gain of
signal. The advantage is that the inhibitor is not modified to enable subsequent
tagging and therefore does not need to be validated for activity as a distinct
chemical entity, e.g., as in the case of THL-alk1 and EZ120P versus respective
parent compounds. The disadvantage is that the inhibitor and ABP must be well
matched; that is, the assumption is made that the inhibitor does not exert its bio-
logical effects via binding to targets other than those detected by ABPP. This is
valid for staurosporine, an extensively characterized ATP-competitive inhibitor.
However, staurosporine is a non-covalent inhibitor, which necessitated the use of
sub-saturating concentrations of ATP-ABP to avoid competing staurosporine off its
targets. This strategy identified PknF, PknD, and PknB as the most strongly
inhibited proteins, although another 13 proteins were inhibited � twofold. The
authors went on to demonstrate using null mutants that of the kinases inhibited by
staurosporine, only loss of function in PknB compromised Mtb recovery from
hypoxia.

4.4 Using Activity-Based Protein Profiling to Investigate
Inhibitor Mechanism of Action

Overall, although both Lehmann et al. and Ravindran et al. aimed to identify
inhibitor targets, neither ultimately attempted to correlate their ABPP results with
the mechanism(s) by which the inhibitors exert their effects on Mtb. These inter-
pretations are appropriately conservative: Although ABPP reveals targeted proteins,
it does not reveal which targets are biologically important. It is likely a fallacy to
assume that any inhibitor will target only one or two proteins. More likely, the
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majority of the observed targets are not biologically important. Alternatively,
inhibitors may exert their effects via the inhibition of multiple targets. The first
hypothesis is supported by Ortega et al. (2014), in which the inhibition of PknB was
responsible for staurosporine-sensitive reactivation of Mtb while the other major
targets PknF and PknD proved dispensable. However, the different possibilities
raised by ABPP-based target identification have not otherwise been thoroughly
explored for novel inhibitors.

ABPP has the potential to accelerate mechanism of action studies compared to
genetic methods, especially in slow-growing pathogens like Mtb, if results could be
more effectively leveraged to prioritize observed targets. However, there are several
key issues to consider that the studies above exemplify in their methods, but do not
discuss. First, the inhibitor treatment conditions used to measure biological activity
differ significantly from those used to identify targets: While minimal inhibitory
concentrations were determined over a period of days with cultures starting at a low
density of Mtb, target identification was performed after treating highly concen-
trated Mtb cell suspensions for a few hours. In the case of Ortega et al. (2014),
competitive ABPP was performed on lysates.

In considering this discrepancy in experimental timescales, we note that the
kinetics of ABPP in live cells has, to our knowledge, never been explored.
Although ABPs (i.e., the inhibitors from which they are derived) are considered
irreversible modifiers, we do not know what the stabilities of the acyl intermediates
are, nor how protein turnover influences the effective concentration of active
enzymes in the cell. Since observed inhibitor activity is the integrated result of all
these factors, the kinetics of target modification is a crucial and as yet unexplored
aspect of ABPP that could extend the usefulness of ABPP for investigating inhibitor
mechanism of action. One hypothesis is that some targets may be abundant and/or
promiscuous, but are not inhibited on a timescale consistent with biological effects
that would be observed in, for example, a pulse-labeling/washout experiment that
examines the persistent suppression of growth after the removal of antibiotic, also
known as the post-antibiotic effect. Those few targets, ideally, that are targeted with
kinetics similar to observed post-antibiotic effects would be strong candidates for
contributing to the mechanism of action.

ABPP as a function of time is potentially a resource-heavy endeavor requiring
significant investment in proteomics; on the other hand, a well-resolved set of
targets could more easily be followed using gel-based fluorescence detection, as
was done by Ravindran et al. However, fluorescence detection raises a second issue:
the specter of dynamic range. As noted earlier, methods used for isolation and
detection in ABPP, particularly gel-based but also affinity enrichment methods
followed by proteomic identification, risk bias toward the most abundant and most
active proteins. Proteins expressed at low levels or inhibited by only a few fold may
contribute significantly to inhibitor activity, but may not be detected or prioritized
using current approaches and cutoff criteria. Indeed, inducible proteolysis has
revealed that the depletion of different drug targets has diverse effects on
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mycobacterial growth (Wei et al. 2011). While protein degradation is not directly
equivalent to chemical inhibition, these results support the idea that the degree of
biochemical inhibition as detected by ABPP does not necessarily translate into
biological activity.

5 Summary and Outlook

In summary, ABPP studies in mycobacteria have provided key information about
different subsets of the proteome and their activities upon adaptation to different
stresses, primarily hypoxia. The results have indicated many tantalizing possibilities
and future directions, including the use of probes as diagnostic tools for tracking the
activity of particular enzyme subsets and, in certain cases, following activity within
particular metabolic pathways.

Mtb encounters and adapts to unique extracellular and intracellular environments
during infection that likely require concerted changes in regulatory pathways that
sense the environment and allow the bacterium to adapt appropriately. In particular,
the studies discussed above shed light on the importance of protein regulation,
likely independent of genetic or transcriptional regulation, as a mechanism for
adapting to stressors. ABPP is poised to provide unique insights into how bacteria
adapt to various environments via post-translational regulation of protein activity.
Furthermore, applying ABPP to other pathogenic mycobacterial species such as M.
leprae and M. abscessus remains an unexplored area that may provide important
information about bacterial physiology and virulence in these clinically important
but understudied pathogens.

Inhibitor development directed by ABPP is currently a nascent effort in
mycobacteria. The studies discussed here demonstrated the initial potential to
influence drug development via the identification of protein targets, but also
illustrated key challenges related to selectivity and potential target redundancy.
Many understudied and overlooked aspects of drug development have influenced
our understanding of inhibitor kinetics and stability. Studies in mammalian and
protozoal systems have demonstrated that well-focused and multidimensional
approaches that are coupled with ABPP can yield potentially exciting inhibitors for
drug development and interesting tools for understanding the physiology of these
organisms (Arastu-Kapur et al. 2008; Greenbaum et al. 2002; Viader et al. 2016).
The challenges of pursuing ABPP in mycobacteria should be viewed as opportu-
nities to expand our understanding of what targets are druggable in mycobacteria
and how they contribute to bacterial survival.
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Abstract Activity-based protein profiling (ABPP) is a technique for selectively
detecting reactive amino acids in complex proteomes with the aid of chemical
probes. Using probes that target catalytically active enzymes, ABPP can rapidly
define the functional proteome of a biological system. In recent years, this approach
has been increasingly applied to globally profile enzymes active at the host–
pathogen interface of microbial infections. From in vitro co-culture systems to
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animal models of infection, these studies have revealed enzyme-mediated mecha-
nisms of microbial pathogenicity, host immunity, and metabolic adaptation that
dynamically shape pathogen interactions with the host.

1 Introduction

Enzymes regulate the metabolic response to an infection, can directly influence
host–pathogen interactions, and are excellent drug targets. However, studying
active enzymes in complex infection models using classic transcriptional or pro-
teomic profiling methods presents several challenges: post-translational modifica-
tions that alter protein function are often overlooked, enzymes expressed at low
levels in infected tissues may remain undetected, and dynamic changes in enzyme
function (e.g., in response to changing pH or protein–protein interactions) can be
difficult to measure (Heal and Tate 2012). Activity-based protein profiling (ABPP)
addresses these problems by using chemical probes to facilitate the selective
detection and enrichment of enzymes that are not only expressed, but active during
an infection (Cravatt et al. 2008). Activity-based probes (ABPs) form selective,
irreversible covalent linkages to defined classes of reactive amino acids, thereby
appending a fluorescent dye or affinity tag onto labeled enzymes. In this manner,
ABPs can reveal changes in the functional proteome of host and microbial cells
through fluorescence imaging or mass spectrometry (Sadler and Wright 2015).

Activity-based approaches offer several key advantages for studies of enzymes
functional at the host–pathogen interface. While genetically encoded reporters are
routinely used to monitor the localization and expression of low-abundance proteins
(Kanca et al. 2017), gene-fusion strategies are only possible in genetically tractable
organisms. In contrast, ABPs can be used to elucidate these biochemical properties
in microbial pathogens and more complex animal hosts that are not amenable to
routine genetic manipulation. Furthermore, ABPP can identify secreted enzymes
that are active during infection, but whose potential contributions to microbial
survival or virulence may be missed by high-throughput, transposon-insertion
sequencing techniques. Transposon libraries are frequently used to identify genes
required for pathogen growth in infected cells or animals; however, the fitness
defect of a transposon mutant lacking a secreted enzyme may be suppressed by
trans-complementation (i.e., supplementation of the missing factor by other
members of the transposon library) (Carey et al. 2018). In addition, ABPP can
accelerate the discovery and development of drugs targeting enzymes that shape
host–pathogen interactions. Broad-spectrum ABPs can provide a template for the
design of more specific inhibitors or be used to identify novel inhibitors from a
compound library via functional screens (Moellering and Cravatt 2012). Finally,
ABPP can reveal enzymes that are only active during infection and could poten-
tially serve as diagnostic markers. Thus, activity-based approaches provide fun-
damental insights into enzymes functional at the host–pathogen interface that can
be harnessed for translational applications.
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Here, we describe how ABPP has been used to study the functional proteome of
microbial infections. Though activity-based approaches have also been applied to
study specific mechanisms of microbial pathogenesis, including antibiotic resis-
tance, virulence-associated enzyme activities, and virus–host interactions, a number
of recently penned review articles offer excellent coverage of these topics (Heal and
Tate 2012; Puri and Bogyo 2013; Sadler and Wright 2015; Shahiduzzaman and
Coombs 2012; Strmiskova et al. 2016). In this review, we focus on applications of
ABPP to studies of pathogen (principally bacterial) interactions with a variety of
hosts, including mammalian cells, plants, and animal models of infection (Fig. 1).
We discuss how ABPs can facilitate global profiling of enzymes active at the host–
pathogen interface, uncover enzyme-mediated mechanisms of microbial virulence,
and identify novel inhibitors of enzymes that modulate host–pathogen interactions.
Finally, we describe how future applications of this technology are poised to deepen
our understanding of the biochemical interactions that shape microbial infections.

2 Applications of ABPP to In Vitro Models of Microbial
Infection

Cell-culture models offer a natural starting point for studies of host–pathogen
interactions. By distilling the infection interface to a single host-cell type, these
systems facilitate detailed investigations of biochemical factors that shape host–
pathogen dynamics at the molecular level. Furthermore, relative to infected animals,
in vitro infection models provide superior flexibility and economy for evaluating a
wide range of infection conditions (Duell et al. 2011). For these reasons, mam-
malian cells, in addition to blood serum and plasma, have been particularly useful
for uncovering activity-based mechanisms of microbial virulence and host immu-
nity during infection.

Fig. 1 Identifying enzymes active at the host–pathogen interface with ABPP. The proteomes
of infected plants, animals, and cells can be labeled with ABPs targeting the active site of a
particular enzyme class to facilitate detection of catalytically active enzymes by gel-based or mass
spectrometry analyses
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2.1 Detecting Host Enzymes Active in Infected Cells

ABPP is a valuable technique for studying biochemical processes that promote
pathogen clearance from the host. The gastrointestinal pathogen Salmonella
enterica serovar Typhimurium has been widely used to investigate
enzyme-mediated immune responses to bacterial infection (Behnsen et al. 2015;
Broz et al. 2012). In this section, we describe how ABPP has been applied to
uncover changes in protein degradation, cell death, and metabolism that underlie
immune cell interactions with S. Typhimurium, illustrating the breadth of cellular
functions that can be evaluated in infected cells using activity-based approaches.

Ubiquitination is a post-translational modification that induces protein degra-
dation in eukaryotic cells (Swatek and Komander 2016). Deubiquitinases (DUBs)
regulate this process by cleaving ubiquitin modifications from proteins, thus
inhibiting their degradation (Mevissen and Komander 2017). Manipulation of DUB
activity by bacterial pathogens can alter the abundance of proteins that mediate host
responses to infection (Ashida et al. 2014). Kummari et al. applied ABPP to
determine how S. Typhimurium impacts DUB activity in infected avian macro-
phages (Kummari et al. 2015). Using a ubiquitin-based ABP, the authors identified
a DUB, UCH-L5, with enhanced activity in S. Typhimurium-infected cells.
Overexpression of UCH-L5 in avian macrophages correlated with increased pro-
duction of the pyroptosis-associated factors caspase-1 and IL-1b; in addition,
production of these factors was suppressed by a chemical inhibitor of UCH-L5
activity (Kummari et al. 2015). These findings suggest a possible role for UCH-L5
in modulating pyroptosis. Though additional studies are needed to determine how
this enzyme influences S. Typhimurium survival in infected macrophages, this
work illustrates how ABPP can be used to uncover pathogen-induced proteolytic
pathways in the host.

Activity-based approaches can also be used to study host proteases that mediate
immune responses to infection. The caspase family of cysteine proteases plays an
important role in programmed cell death pathways (Creagh 2014). Activation of
caspase-1 initiates cell death by pyroptosis (Place and Kanneganti 2018), whereas
caspase-3 and caspase-7 promote apoptosis (Walsh et al. 2008). To elucidate cell
death mechanisms triggered by S. Typhimurium, a fluorescent acyloxymethyl
ketone, AWP28, was used to monitor relative levels of caspase-1, 3, and 7 activity
in bone marrow-derived macrophages infected with S. Typhimurium (Puri et al.
2012). Though caspase-1-mediated pyroptosis was the principal form of cell death
observed in infected macrophages, knocking down the Casp1 gene led to an
increase in caspase-3 and 7 activities, accompanied by enhanced apoptosis. Thus,
crosstalk between these caspases appears to mediate the fate of host cells during
S. Typhimurium infection.

Host responses to infection can also be influenced by pathogen-induced changes
in cellular metabolism. Several host lipids, including the endogenous cannabinoids
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), are believed to play
immunomodulatory roles in infected cells (Hernandez-Cervantes et al. 2017).
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The serine hydrolase-specific ABP fluorophosphonate-biotin (FP-biotin) was used
by Lee et al. to monitor the activity of cannabinoid-catabolizing enzymes in avian
macrophages infected with S. Typhimurium (Lee et al. 2018). Two of these
enzymes, fatty acid amide hydrolase (FAAH) and a/b-hydrolase domain 6
(ABHD6), were less active in infected macrophages. Furthermore, inhibition of
FAAH and ABHD6 activity increased the intracellular concentration of 2-AG,
which in turn enhanced the phagocytic activity of avian macrophages toward
dye-conjugated bioparticles (Lee et al. 2018). Together, these studies suggest host
metabolism of endogenous cannabinoids is modulated during S. Typhimurium
infection to promote pathogen uptake by immune cells.

Activity-based analyses of S. Typhimurium-infected macrophages have uncov-
ered shifts in protein degradation, cell death, and lipid metabolism that are triggered
by pathogen interaction with host cells in vitro. Similar techniques could be applied
to determine which of these pathways are stimulated by other pathogens at the
post-translational level. Recently developed lysosome-specific ABPs (Wiedner
et al. 2014) promise to enhance the detection of host enzymes that directly interact
with microbes following phagocytosis and could provide further insight into
enzymatic processes that promote pathogen clearance from the host.

2.2 Profiling Pathogen Adaptation to the Host Environment

ABPs can be used to understand how the functional proteome of a pathogen is
altered in response to external cues, such as nutrient availability and environmental
stress. Multiplexing approaches, in which multiple ABPs are used to simultane-
ously profile distinct functional classes of enzymes, can facilitate the rapid identi-
fication of proteins that may promote pathogen adaptation to the host environment.
Wiedner et al. used two ABPs to monitor the activities of cysteine-reactive proteins
and serine hydrolases produced by the fungal pathogen Aspergillus fumigatus in
human serum (Wiedner et al. 2012). These studies revealed growth-dependent
shifts in the primary metabolism, oxidative stress response, and nutrient-scavenging
pathways of A. fumigatus over time that may facilitate fungal survival in the human
lung. Moreover, this work illustrates how multiple ABPs can be used to broadly
profile mechanisms of pathogen adaptation to complex environments.

ABPP has also been used to study the localization of pathogen enzymes that are
active at the host–microbe interface. The parasitic flatworm Schistosoma mansoni
expresses several surface-exposed proteins that are believed to promote pathogen
survival in blood vessels by modulating host immune and hemostatic responses
(Wang et al. 2017). Previous studies have identified membrane-associated calpains
on the schistosome cell surface (Karcz et al. 1991), but the roles of these
calcium-dependent cysteine proteases in S. mansoni infection are not well under-
stood. Using an ABP comprised of the cell-impermeable calpain inhibitor E64c
conjugated to biotin, Wang et al. detected two active calpains, SmCalp1 and
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SmCalp2, on the parasite cell surface (Wang et al. 2017). When incubated with
murine plasma, S. mansoni was found to induce the calpain-dependent cleavage of
fibronectin, a blood-clotting factor, suggesting SmCalp1 and SmCalp2 may prevent
coagulation to suppress the host inflammatory response (Esmon et al. 2011) and
enhance pathogen mobility through the vascular system. Though additional studies
are needed to clarify the specific contributions of these proteases to infection, this
work illustrates how ABPP can be used to identify pathogen enzymes in direct
contact with the host environment that could serve as potential therapeutic targets.

ABPP can also be used to identify the targets of microbial enzymatic products
within the host. The human gut microbiome encodes a number of nonribosomal
peptide synthetases (NRPS) that produce metabolites of unknown function. Guo
and coworkers characterized several of these compounds by cloning diverse NRPS
clusters into multiple bacterial strains and analyzing their peptide products by mass
spectrometry (Guo et al. 2017). To identify host enzymes targeted by these
metabolites, the cysteine-reactive ABP iodoacetamide-alkyne was used to analyze
membrane preparations of human monocytes incubated with a representative
dipeptide product (Phe-Phe-H) versus a vehicle control. These experiments iden-
tified the cysteine protease cathepsin L as the primary target of Phe-Phe-H, sug-
gesting cathepsin inhibition by this microbial peptide may attenuate host immune
responses to promote intestinal colonization by the microbiota (Guo et al. 2017).

Changes in enzyme activity over the course of an infection can provide clues
regarding biochemical processes that accompany different stages of a pathogen’s
life cycle. ABPs labeled with unique, isobaric tags (Gygi et al. 1999) could facilitate
quantitative proteomic analyses of pathogen enzymes active under different infec-
tion conditions. Combining ABPP with other powerful techniques such as
bio-orthogonal noncanonical amino acid tagging (BONCAT) (Stone et al. 2017) or
stable isotope labeling with amino acids in cell culture (SILAC) (Surmann et al.
2015) could also enhance the identification of low-abundance microbial enzymes
active in infected cells. Collectively, these techniques are poised to expand the
depth of future activity-based analyses at the host–pathogen interface.

3 Applications of ABPP to Infected Plants

The early adoption of ABPP by the plant biology community has resulted in the
broad application of this technique to studies of host–microbe interactions spanning
multiple plant and pathogen species. ABPP was first applied by van der Hoorn et al.
to survey cysteine proteases active in plant tissue extracts using DCG-04, a
biotinylated analog of the papain-like cysteine protease inhibitor E-64 (van der
Hoorn et al. 2004). Mass spectrometry analysis of DCG-04-enriched proteins
identified three previously uncharacterized proteases produced by the well-studied
model for flowering plants, Arabidopsis thaliana. This study also established
DCG-04 as a valuable tool for monitoring the inhibition of plant protease activity,
which has since played a pivotal role in the discovery and characterization of many
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pathogen-secreted protease inhibitors (Rooney et al. 2005; Shindo et al. 2016;
Song et al. 2009; Tian et al. 2007; van Esse et al. 2008). From global-profiling
strategies to mechanistic studies of targeted enzymes, ABPP has been used to
uncover a wide range of plant–pathogen interactions (Kaschani et al. 2012). Indeed,
an impressive number of ABPP studies has been performed in infected plants,
perhaps more so than in any other multicellular model of microbial infection.

3.1 Discovery of Pathogen-Secreted Protease Inhibitors

Pathogen-secreted effectors often subvert plant responses to infection by modu-
lating host enzyme activity (Toruno et al. 2016). Enzyme inhibition, degradation,
and activation are just a few of the mechanisms by which pathogen factors can alter
biochemical processes in the host. For example, protease inhibitors are commonly
deployed by plant pathogens to thwart host immune responses (Jashni et al. 2015).
Many of these inhibitors have been discovered using ABPP, which can be used to
rapidly assess changes in host protease activity during infection.

Early work by Rooney and coworkers established a direct link between Avr2, a
protein secreted by the fungal pathogen Cladosporium fulvum, and Rcr3, an
extracellular cysteine protease present in the tomato apoplast (Rooney et al. 2005).
Purified Avr2 was shown to selectively inhibit DCG-04-labeling of Rcr3 at low pH,
suggesting this interaction may be functional in the acidic environment of the
apoplast. The authors subsequently demonstrated binding of Avr2 to Rcr3 in
co-immunoprecipitation assays and inhibition of native Rcr3 protease activity in
tomato apoplastic fluid by purified Avr2 (Rooney et al. 2005). In addition,
co-administration of purified Rcr3 and Avr2 to tomato leaves was found to induce
programmed cell death consistent with the plant defense mechanism known as the
hypersensitive response. The hypersensitive response can be triggered by the
tomato protein Cf-2, which promotes resistance to C. fulvum infection (Jashni et al.
2015). Notably, Cf-2-dependent cell death was observed in tomato leaves infiltrated
with both Avr2 and Rcr3, but not in leaves infiltrated with either protein alone, or in
combination with the protease inhibitor E-64 (Rooney et al. 2005). These findings
suggest that Cf-2-mediated host defense is induced by the Rcr3-Avr2 complex. In
addition, activation of Cf-2 by a host protease bound to a pathogen effector
demonstrated a key provision of the guard hypothesis, which posits that Cf proteins
indirectly sense Avr proteins through their host targets (van der Hoorn and Kamoun
2008) (Fig. 2). Using DCG-04, the authors also demonstrated that other tomato
proteases are inhibited by Avr2, indicating that pathogen-secreted protease inhi-
bitors have pleiotropic roles on host protease activity that can be revealed using
ABPP (Rooney et al. 2005).

To identify other host proteases targeted by Avr2, van Esse and colleagues
compared DCG-04-enriched proteins from wild-type and Avr2-expressing
A. thaliana extracts by mass spectrometry (van Esse et al. 2008). Expression of
the Avr2 transgene correlated with a decrease in the relative abundance of three
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Arabidopsis proteases (CPR1, XCP1, and XCP2). Interestingly, pre-treatment of
wild-type extracts with purified Avr2 prior to DCG-04 labeling had a more pro-
nounced effect on host protease activity: of the seven proteases detected in untreated
wild-type extracts, only one (cathepsin B) remained active following incubation
with Avr2 (van Esse et al. 2008). Similar results were obtained using tomato
apoplastic fluids: fluids incubated with purified Avr2 contained fewer active cys-
teine proteases than fluids from plants engineered to express the pathogen protein.
These findings suggest Avr2 binds to host proteases with variable affinity and that
the relative inhibition of these proteases by Avr2 can be resolved through
activity-based analyses.

ABPP has also been used to characterize new protease inhibitors at the plant–
pathogen interface. Using bioinformatic tools, Tian and colleagues identified a family
of putative protease inhibitors secreted by the oomycete pathogen Phytophthora
infestans during infection of the tomato plant (Tian et al. 2007). One of these pro-
teins, EPIC2B, was found to bind to a newly identified papain-like extracellular
cysteine protease, PIP1, in tomato apoplastic fluids. To determine whether EPIC2B
could inhibit the activity of PIP1 or other cysteine proteases in the apoplast, the
authors treated tomato fluid extracts with purified EPIC2B prior to DCG-04 labeling
and observed inhibition of several host proteases (Tian et al. 2007). In addition,
purified EPIC2B was found to directly inhibit PIP1 activity in transgenic Nicotiana
benthamiana plants expressing epitope-tagged PIP1. However, time-course analyses
of PIP1 labeling by DCG-04 in the presence of EPIC2B revealed an increase in PIP1
activity over time, suggesting that EPIC2B is a reversible PIP1 inhibitor. Using a
similar assay, Song et al. demonstrated that the closely related tomato cysteine
protease Rcr3, a previously established target of the C. fulvum effector Avr2, is also
reversibly inhibited by EPIC2B (Song et al. 2009). Consistent with this finding,
EPIC2B was unable to trigger the hypersensitive response in tomato plants
expressing Cf-2 and Rcr3. Together, these results suggest that plant pathogens may
have evolved weak protease inhibitors to transiently disarm host enzyme activity
while subverting innate immune recognition by Cf proteins.

Fig. 2 Proposed model of
the guard hypothesis
revealed by ABPP. The C.
fulvum-secreted protease
inhibitor Avr2 binds to the
protease Rcr3 in the tomato
apoplast. The receptor protein
Cf-2 senses the Avr2-Rcr3
complex and triggers the
hypersensitive response (HR)
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Like EPIC2B, other protease inhibitors have been discovered by using ABPP to
measure the inhibition of native plant proteases in situ. Shindo and coworkers
mined the genome of Pseudomonas syringae PtoDC3000, a Gram-negative bac-
terial pathogen, for genes encoding small, secreted proteins of unknown function
(Shindo et al. 2016). They purified and assayed 43 of these proteins for the ability to
inhibit the activity of C14, an extracellular immune protease produced by the
tomato plant. C14-expressing leaf extracts were pre-incubated with each putative
effector, then labeled with MV201, a fluorescent ABP modeled after E-64. Only
one protein, dubbed C14-inhibiting protein (Cip1), was found to inhibit C14 in this
assay (Shindo et al. 2016). Genetic deletion of the cip1 gene from P. syringae
attenuated bacterial growth and virulence in the tomato plant. Like EPIC2B, Cip1
was also shown to weakly inhibit Rcr3 and subvert the Cf-2-dependent hyper-
sensitive response (Shindo et al. 2016). In sum, these studies provide an elegant
example of how ABPP can be used to link the biochemical activity of a novel
pathogen effector to virulence phenotypes in vivo.

ABPP has also been applied to determine how the secretion and activity of a
pathogen protease influences plant immune responses. Lu et al. designed a specific
ABP to study the post-translational processing of AvrPphB, a papain-like cysteine
protease secreted by the Type III secretion system of P. syringae (Lu et al. 2013).
A truncated AvrPphB mutant lacking the enzyme’s prodomain remained active, but
could no longer be secreted. In contrast, when mutated to prevent prodomain
cleavage, both AvrPphB secretion and activity were retained, but the protein was
incapable of inducing the hypersensitive response in A. thaliana (Lu et al. 2013).
These findings indicate that protein secretion precedes prodomain cleavage of
AvrPphB and that prodomain removal is required for the activation of innate
immune responses by this protease. Selective ABPs can thus provide valuable
insights regarding the molecular regulation of protease-activated surveillance
pathways in plants.

Over the past several years, applications of ABPP to plant–pathogen biology
have evolved from studies of specific effector–protease interactions to large-scale
inhibitor discovery campaigns. These efforts have established a rich history of
ABPP at the plant–pathogen interface and have set the standard for applications of
this technology to studies of microbial interactions with multicellular hosts. As the
field continues to grow, global-profiling efforts coupled with more sophisticated
bioinformatic tools are likely to reveal additional mechanisms of biochemical
antagonism enacted by pathogen-secreted enzyme inhibitors.

3.2 Global Profiling of Active Enzymes

ABPP can rapidly uncover tissue-specific, enzyme-mediated responses to infection.
Different ABPs can be applied to catalogue the repertoire of enzymes active under
infection conditions as a starting point for target-based assays. Dynamic trends in
enzyme activity can also provide insight into the physiology of an infection.
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For example, ABPP analysis of A. thaliana infected with the fungal pathogen
Botrytis cinerea revealed a decrease in the activities of several plant serine
hydrolases over time, suggesting pathogen interference with host enzyme activities
(Kaschani et al. 2009).

Combined with other global-profiling methods, ABPP can also be used to relate
dynamic changes in transcript or protein abundance during infection to changes in
the functional proteome. Grosse-Holz et al. took a multi-omics approach to identify
proteases whose activity is modulated by agroinfiltration, the use of attenuated
Agrobacterium tumefaciens as a vector for the transient production of antibodies,
vaccines, and other commercially important biomolecules in plants (Grosse-Holz
et al. 2018). Proteolysis is believed to be a confounding factor in agroinfiltration
that limits the yield of transgenically expressed proteins. To identify extracellular
proteases produced in response to agroinfiltration, the authors analyzed agroinfil-
trated N. benthamiana leaves with probes targeting serine hydrolases and
papain-like cysteine proteases (Grosse-Holz et al. 2018). In parallel, these samples
were analyzed by RNA-seq. Comparison of these datasets revealed that a large
number of proteases are transcribed during agroinfiltration, but only few are active
extracellularly, suggesting these enzymes are under post-transcriptional and/or
post-translational control (Grosse-Holz et al. 2018). The subset of active proteases
produced by agroinfiltrated leaves may represent promising targets for improving
the efficiency of recombinant protein expression.

3.3 Mechanistic Studies of Proteasome Activity
and Inhibition

Another strength of ABPP is its utility for studying enzyme complexes encoded by
essential genes that cannot easily be interrogated using genetic approaches. The
plant proteasome is a striking example of a multi-subunit molecular machine that
has been challenging to study due to the pleiotropic effects induced by subunit
mutations, post-translational regulation of proteasome activity, and the potential for
dynamic proteasome remodeling with paralogous subunits (Misas-Villamil et al.
2017). ABPs have been instrumental in characterizing the differential activation of
proteasome subunits during bacterial infection (Kolodziejek et al. 2011;
Misas-Villamil et al. 2017). Using subunit-selective probes with distinct fluorescent
dyes, Misas-Villamil et al. detected three active proteasome subunits in A. thaliana
leaf extracts: b1, b2, and b5 (Misas-Villamil et al. 2017). Interestingly, when
applied to N. benthamiana extracts, these probes revealed the presence of an
additional b1 subunit. Consistent with these data, mass spectrometry analyses using
the pan-specific subunit probe MVB072 detected unique peptides from two distinct
b1 subunits. In addition, ABPP of N. benthamiana leaf extracts infected with
P. syringae revealed significant phenotypic variation in subunit activation across
multiple experiments, suggesting that subunit activities can be independently
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modulated during infection (Misas-Villamil et al. 2017). Applications of these
probes to study the subunit architecture and activation of other plant proteasomes
during infection could reveal a new mode of bacterial manipulation of an essential
protein complex and potentially uncover the assembly of inducible, infection-
dependent proteasomes that shape host immunity.

4 Applications of ABPP to Infected Animals

Animal models of infection that recapitulate clinical symptoms of human disease
are powerful systems for elucidating the effects of pathogen factors on host phys-
iology. However, identifying biochemical interactions that underlie host responses
to infection in the context of an infected animal can be technically challenging.
Microbial enzymes are often present at low concentrations in host tissues, limiting
their detection by unenriched proteomic analyses (Mayers et al. 2017).
Furthermore, the intrinsic complexity of tissue homogenates, which typically
include cells distal to the host–microbe interface, can inhibit the detection of
pathogen enzymes and the host proteins they interact with during infection. ABPP
addresses these challenges by enabling the enrichment of a targeted enzyme class
prior to mass spectrometry analysis. By facilitating the discovery of bacterial and
host enzymes active in infected animals, ABPP can uncover biochemical processes
that shape host responses to infection.

Tissue inflammation is a common response to microbial infections that is often
triggered by enzymatic processes (Karin et al. 2006). For example, proteolytic
activation of certain cellular receptors, such as proteinase-activated receptor 2
(PAR2), can induce intestinal inflammation (Cenac et al. 2002). Citrobacter
rodentium, an enteric pathogen that causes murine colitis, stimulates trypsin-like
serine protease activity in the colonic fluid of infected mice that promotes PAR2
activation (Hansen et al. 2005). To identify proteases active during C. rodentium
infection, Hansen and coworkers incubated colonic luminal fluid from infected
animals with agarose beads conjugated to soybean trypsin inhibitor (STI) (Hansen
et al. 2005). Mass spectrometry analysis of the STI-enriched enzymes identified
three host serine proteases: trypsinogen 16, granzyme A, and kallikrein B.
Granzyme A was also detected in the colonic fluid of C. rodentium-infected mice
by Western blot, and a protein of similar molecular weight was detected using the
ABP Biotin-Pro-Lys-diphenylphosphonate. Furthermore, granzyme A and C.
rodentium-infected fluid were both shown to cleave a peptide containing the PAR2
activation sequence in vitro (Hansen et al. 2005). Taken together, these findings
suggest granzyme A is produced by host tissues during C. rodentium infection and
promotes intestinal inflammation via PAR2 cleavage. More broadly, this work
provides an early example of how activity-based approaches can be applied to
survey infection-associated changes in host enzyme activity.
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While host enzyme activity can play an important role in modulating responses
to infection, pathogen enzymes that are active in an infected animal can also pro-
vide important clues regarding the virulence mechanisms and metabolic pathways
that shape microbial interactions with the host. We recently applied ABPP to
identify secreted host and pathogen serine hydrolases active in cholera, a severe
diarrheal disease caused by the enteric pathogen Vibrio cholerae (Hatzios et al.
2016). Using the serine hydrolase-selective probe FP-biotin, we identified 233 and
71 probe-enriched proteins in the cecal fluid of V. cholerae-infected rabbits and in
human choleric stool, respectively. Notably, ABPP detected several
pathogen-secreted proteases that were not identified by mass spectrometry analyses
of these samples in the absence of ABP enrichment. One of these proteases, IvaP,
was previously shown to be transcribed at similar levels in exponential-phase
cultures and in rabbit cecal fluid (Mandlik et al. 2011), yet gel-based ABPP and
Western blot analyses revealed the enzyme is neither expressed nor active under
conditions of exponential growth in vitro (Hatzios et al. 2016). Further experiments
established that IvaP undergoes significant post-translational processing to yield the
functional protease that is active in cecal fluid. In addition, comparative ABPP
analyses of cecal fluid from rabbits infected with either wild-type V. cholerae or a
mutant strain expressing catalytically deficient IvaP suggest the activity of several
host and pathogen serine hydrolases is influenced by this secreted protease (Hatzios
et al. 2016). Finally, genetic deletion of IvaP, along with three other
pathogen-secreted proteases active in rabbit cecal fluid, increased the abundance of
a host lectin that binds to V. cholerae in the intestine, suggesting a broader role for
these enzymes in modulating gut-microbe interactions. In sum, these findings
demonstrate how ABPP can be applied to draw activity-based relationships
between bacterial and host enzymes in complex infection models.

In addition to studies of infection biology, activity-based approaches can be used
to explore the biochemistry of endogenous microbial communities in the host.
Recent work by Mayers et al. applied ABPP to study the functional proteome of gut
microbes in a mouse model of inflammatory bowel disease (IBD) (Mayers et al.
2017). IBD mice and isogenic controls were fed 14N- or 15N-labeled spirulina chow,
respectively, to enable quantitative comparisons of their fecal proteomes by mass
spectrometry. Using BioGlyCMK, a novel ABP targeting reactive cysteines,
roughly 1000 microbial proteins were enriched from the fecal pellets of IBD mice,
enabling the detection of enzymes with active-site cysteines that were overlooked
by unenriched proteomic analyses of these samples (Mayers et al. 2017). In addi-
tion, comparison of the BioGlyCMK-enriched proteins in IBD versus control mice
revealed a significant increase in the abundance of microbial cysteine-type pepti-
dases and hydrolases, suggesting a possible role for these enzymes in IBD
pathology. This study represents an important advance in metaproteomic analyses
of the fecal microbiome, which could potentially be used to correlate the dysreg-
ulation of key microbial proteins with intestinal inflammation.

ABPP is emerging as a valuable tool for studies of host–microbe interactions in
infected animals. Future challenges will include enriching pathogen enzymes from
more complex tissue homogenates, which are more difficult to extract and process
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than fecal or intestinal fluid samples, and adapting ABPP to resolve the proteomic
contributions of distinct microbial species in the host. Improvements in mass
spectrometry technology, enrichment strategies, and methods that couple
metaproteomic and metagenomic analyses will likely accelerate these efforts and
their application to additional disease models.

5 Applications of ABPP to Inhibitor Discovery
and Characterization

Enzymes dynamically regulate biochemical processes that influence host–pathogen
interactions. ABPP provides a versatile platform for identifying inhibitors that can
disrupt these processes and potentially alter infection outcomes (Moellering and
Cravatt 2012). ABPs are themselves irreversible inhibitors designed to facilitate the
detection of active enzymes via a synthetically incorporated dye or affinity tag (Heal
et al. 2011). Proteins or small molecules that competitively bind to an enzyme’s
active site can diminish probe labeling and subsequent detection of a targeted
enzyme. For example, pathogen proteins that inhibit host enzyme activity, such as
the pathogen-secreted protease inhibitors discussed in Sect. 3.1, can be character-
ized through competition assays with ABPs (Rooney et al. 2005; Shindo et al.
2016; Song et al. 2009). Here, we focus on activity-based approaches that facilitate
the discovery, design, and target identification of small-molecule inhibitors for
disrupting enzyme-mediated mechanisms of microbial pathogenesis.

5.1 Identifying the Targets of Bioactive Inhibitors

High-throughput chemical genetic screens can be used to identify compounds that
alter infection phenotypes. When a compound library is designed to target a defined
enzyme class, bioactive molecules can be competed against broad-spectrum ABPs
to facilitate identification of inhibited enzymes (Moellering and Cravatt 2012)
(Fig. 3). Candidate inhibitors can also be fashioned into ABPs for direct labeling
and detection of targeted proteins. Together, these activity-based approaches can
provide fundamental insight into the molecular mechanisms triggered by chemical
modulators of infection.

Using a chemical library comprised of protease and hydrolase inhibitors, Child
et al. discovered a group of chloroisocoumarins that enhance host-cell invasion by
Toxoplasma gondii, an obligate intracellular parasite (Child et al. 2013). To identify
proteins targeted by these ‘enhancer’ compounds, FP-rhodamine, a serine
hydrolase-specific ABP, was used to detect enzymes active in enhancer-treated
T. gondii lysates versus lysates treated with a structurally related, but biologically
inactive compound. Probe labeling of a 35-kDa species was selectively inhibited by
all enhancers, suggesting these compounds target a common serine hydrolase.
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To identify the targeted enzyme, T. gondii lysates pretreated with or without a
functional enhancer were labeled with FP-biotin or an alkyne-containing enhancer
analog designed to enrich labeled enzymes via click chemistry-mediated attachment of
an affinity tag (Child et al. 2013). Mass spectrometry analysis of these probe-labeled
proteins revealed a putative thioesterase, TgPPT1, with a predicted molecular weight
of *35 kDa that was substantially less abundant in enhancer-treated lysates.
Activity-based analyses demonstrated that recombinant TgPPT1 is a serine hydrolase
selectively inhibited by enhancer addition. Furthermore, deletion of the Tgppt1 gene
from T. gondii suppressed enhancer-induced effects on host-cell invasion, confirming
TgPPT1 mediates the enhancer phenotype (Child et al. 2013). In sum, these studies
illustrate how the molecular basis of a pharmacologically driven, infection-associated
phenotype can be uncovered through creative applications of ABPP.

ABPP can also be used to validate the targets of bioactive inhibitors discovered
through biochemical assays. Using a serine protease inhibitor library, Gloeckl and
coworkers identified two phosphonate-containing peptides, JCP83 and JO146, that
inhibit the in vitro activity of CtHtrA, a serine protease produced by the sexually
transmitted bacterial pathogen Chlamydia trachomatis (Gloeckl et al. 2013). Both
compounds were found to significantly decrease C. trachomatis viability at early
stages of its developmental cycle in infected cells. To identify proteins targeted by
JO146 during C. trachomatis infection, the authors developed fluorescently labeled
and biotinylated analogs of JO146 for ABPP. Both gel-based and proteomic
analyses confirmed JO146 binding to CtHtrA in C. trachomatis-infected cells,
demonstrating how activity-based approaches can be used to connect the targets of
small-molecule inhibitors to virulence phenotypes during infection (Gloeckl et al.
2013). These strategies should be broadly useful for mapping the interacting
partners of other bioactive inhibitors at the host–pathogen interface.

5.2 High-Throughput Screens for Selective Inhibitors

Though gel-based ABPP assays can be used to identify small molecules that inhibit
probe labeling of a targeted enzyme, these approaches are fairly low-throughput.

Fig. 3 ABPP strategies for identifying inhibitor targets. Bioactive inhibitors identified via
chemical screens of infected cells can be competed against broad-spectrum ABPs (top) or adapted
into custom ABPs (bottom) to identify inhibitor-bound proteins using gel-based or proteomic
analyses
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Using fluorescent ABPs, Bachovchin and coworkers developed a competitive,
activity-based platform that is compatible with high-throughput screening (HTS)
(Bachovchin et al. 2009). This technology, dubbed fluopol-ABPP, identifies com-
pounds that decrease the rate of ABP binding to an enzyme’s active site by moni-
toring changes in the fluorescence polarization signal of the probe-labeling reaction.
Because enzyme-bound ABPs emit more highly polarized light than unbound probes
in solution, small molecules that inhibit ABP binding will result in a lower fluores-
cence polarization signal than inactive compounds. Unlike most HTS assays,
fluopol-ABPP offers a way to identify selective enzyme inhibitors in the absence of a
substrate, making it a versatile tool for studies of uncharacterized enzymes.

Bender and coworkers recently applied this strategy to identify inhibitors of the
cysteine protease domain (CPD) of TcdB, a secreted toxin produced by the
colitis-inducing pathogen Clostridium difficile (Bender et al. 2015). A fluopol-
ABPP screen using TAMRA-AWP-19, a CPD-reactive ABP, revealed several
potent CPD inhibitors, including ebselen, a selenium-containing compound previ-
ously shown to be safe for human use. Ebselen inhibited cell rounding of
TcdB-treated cells in vitro and enhanced the survival of TcdB-treated mice. In
addition, compound administration reduced the tissue pathology of mice infected
with C. difficile without diminishing the stool-associated colony-forming units of
these bacteria, demonstrating that ebselen reduces disease symptoms by targeting
toxin function, as opposed to bacterial survival, in the host (Bender et al. 2015). In
sum, these studies provide a striking example of how high-throughput ABPP
methods can be used to identify antivirulence compounds for bacterial infections.
Additional applications of this technology could advance future efforts to discover
inhibitors of other virulence-promoting pathogen factors and improve treatment
options for antibiotic-resistant bacterial infections.

5.3 Rational Design and Optimization of Inhibitors

The rational design of selective inhibitors is often guided by the structural features
of native enzyme substrates. Substrate-profiling techniques and targeted screens of
substrate-based inhibitor libraries can serve as a starting point for the development
of more potent inhibitors. Competition assays using broad-spectrum ABPs can also
be used to evaluate and optimize inhibitor selectivity. These approaches were
recently applied by Lentz et al. to develop a selective inhibitor for Hip1, a serine
protease with immunomodulatory properties produced by the tuberculosis pathogen
Mycobacterium tuberculosis (Lentz et al. 2016). Multiple combinatorial peptide
libraries were used to generate substrate-specificity data for Hip1, which informed
the design of several fluorogenic protease substrates. The authors screened a small
library of serine-reactive electrophiles against a fluorogenic substrate and identified
a series of irreversible, chloroisocoumarin-based Hip1 inhibitors (Lentz et al. 2016).
To assess inhibitor selectivity, lysates of RAW 264.7 cells were pre-incubated with
the lead chloroisocoumarin compound, then labeled with the broad-spectrum ABP
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FP-rhodamine. Because inhibitor addition diminished probe labeling of several host
serine hydrolases, the authors used the substrate-specificity data for Hip1 to further
optimize inhibitor potency and selectivity. Together, these approaches illustrate
how ABPs can be used in tandem with substrate-profiling methods to guide the
design of novel inhibitors. In turn, these inhibitors can provide a scaffold for the
synthesis of novel ABPs that could facilitate future studies of enzyme function and
trafficking in infected cells, or the early detection of bacterial infections in clinical
isolates.

6 Concluding Remarks

ABPP is a powerful tool for identifying catalytically active enzymes that promote
biochemical crosstalk at the host–pathogen interface. Probes that expand the
functional and temporal scope of this technology promise to enhance the depth of
future profiling efforts. Multiplexing approaches that sample diverse functional
classes of enzymes will provide a more holistic view of the biochemical processes
that underlie microbial infections. In addition, caged probes that allow precise
monitoring of enzyme activity over rapid timescales and within specific cellular
compartments should enhance dynamic and spatial studies of protein function
within infected cells. ABPP is also poised to improve our understanding of the
biochemical crosstalk between complex microbial communities and infected hosts.
Innovative computational and barcoding tools will be needed to map specific
enzymes to their producing strains within a population of closely related bacteria.
Focused screens for microbe-secreted protease inhibitors, akin to those functional at
the plant–pathogen interface, could also be pursued to identify bacterial factors that
promote immune adaptation to pathogenic or commensal microbes in the gut. Such
activity-based approaches will continue to accelerate the discovery of enzymes that
dynamically shape pathogen interactions with the host.
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Abstract Protein fatty-acylation describes the covalent modification of protein
with fatty acids during or after translation. Chemical proteomic profiling methods
have provided new opportunities to explore protein fatty-acylation in microbial
pathogens. Recent studies suggest that protein fatty-acylation is essential to survival
and pathogenesis of eukaryotic pathogens such as parasites and fungi. Moreover,
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fatty-acylation in host cells can be exploited or manipulated by pathogenic bacteria.
Herein, we first review the prevalent classes of fatty-acylation in microbial patho-
gens and the chemical proteomic profiling methods for their global analysis. We
then summarize recent fatty-acylation profiling studies performed in eukaryotic
pathogens and during bacterial infections, highlighting how they contribute to
functional characterization of fatty-acylation under these contexts.

1 Introduction

Protein fatty-acylation refers to the covalent modification of protein with fatty-acyl
groups of 8–20 saturated or unsaturated carbon chain length after or during protein
translation (Resh 2016). The modification occurs on a variety of amino acid resi-
dues and therefore encompasses different types, such as N-myristoylation (Fig. 1a),
S-palmitoylation (Fig. 1b), Ne-Lys-fatty-acylation (Fig. 1c), and O-fatty-acylation
(Hang and Linder 2011; Peng et al. 2016; Resh 2016; Jiang et al. 2018). The
attachment of a hydrophobic fatty-acyl group to a protein substrate can have dra-
matic effects on its function by targeting to specific membrane compartments,
mediating protein–protein interactions, and controlling protein stability (Schultz
et al. 1988; Resh 1999, 2016; Jiang et al. 2018).

Fig. 1 Different classes of protein fatty-acylation. a N-myristoylation. b S-palmitoylation. c Ne-
Lys-fatty-acylation
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Historically, protein fatty-acylation had been difficult to study, largely due to
limit in detection techniques and unavailability of identification methods. In the last
decade, the advent of chemical proteomic profiling methods for fatty-acylation
(Hang and Linder 2011; Peng et al. 2016; Tate et al. 2015), along with the rapid
advances of mass spectrometry, has greatly improved our ability to identify
fatty-acylated proteins in a proteome-wide scale under various biological contexts.
As a result, the discovery of numerous fatty-acylated proteins by recent proteomic
studies (Blanc et al. 2015) suggests that the modification is ubiquitous and plays
much broader roles in regulating eukaryotic biology than previously appreciated.
While most of these fundamental studies were performed in mammalian cell lines
and the model species such as yeast Saccharomyces cerevisiae, the importance of
fatty-acylation in microbial pathogens has now been attracting greater attention. As
demonstrated in recent reports, fatty-acylation is likely to be extensively used in
microbial pathogens such as protozoan parasites, fungi, and bacteria to regulate key
aspects of their biology, including those essential for pathogenesis (Maurer-Stroh
and Eisenhaber 2004; Blanc et al. 2013; Ritzefeld et al. 2017). Providing a global
understanding of the modification prevalence, chemical proteomic profiling of
protein fatty-acylation in microbial pathogens has become fascinating to help
unravel its regulatory mechanisms for microbial virulence.

In this review, we briefly introduce different classes of fatty-acylation and the
chemical proteomic profiling methods for this modification. We then summarize the
large-scale proteomic profiling studies of fatty-acylation performed in microbial
pathogens, with a focus on pathogenic parasites and fungi. Finally, we highlight
two proteomic studies investigating how bacterial effector proteins alter
fatty-acylation landscape of host cells for pathogenesis.

2 Protein Fatty-Acylation

Protein fatty-acylation is subcategorized into several classes according to the
modified amino acid residue, carbon chain length, and saturation of the fatty-acyl
group, which is excellently summarized in recent reviews (Resh 2016; Jiang et al.
2018). Only the most prevalent and relevant classes are briefly introduced here.

2.1 N-myristoylation

N-myristoylation describes the covalent attachment of a myristoyl group, i.e., the
14-carbon fatty-acyl (C14:0) group, to the amino group of the N-terminal glycine
residue of a protein through an amide bond (Fig. 1a). While the majority of
N-myristoylated proteins are modified during translation, post-translational
N-myristoylation also occurs during apoptosis following caspase cleavage of
the protein to expose an N-terminal glycine residue (Wright et al. 2010).
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N-myristoylation is catalyzed by N-myristoyltransferase (NMT) using myristoyl-
CoA as the cofactor (Fig. 1a) and is conserved across eukaryotic species. There are
two genes in vertebrates encoding NMT enzymes, NMT1 and NMT2, whereas the
enzyme is expressed from a single gene in lower eukaryotes. N-myristoylation had
been thought to be irreversible, until a recent report showing that Shigella type III
secretion system (T3SS) effector invasion plasmid antigen J (IpaJ) cleaves the
peptide bond between N-myristoylated glycine and the following residue of protein
(Burnaevskiy et al. 2013). N-myristoylation is involved in a variety of cellular
processes in higher eukaryotes (Wright et al. 2010; Udenwobele et al. 2017). NMT
has also been identified to be essential for viability in eukaryotic pathogens, such as
parasites and fungi, and presents a potential drug target for treating parasitic and
fungal infections (Tate et al. 2013; Georgopapadakou 2002; Fang et al. 2015;
Schlott et al. 2018).

2.2 S-palmitoylation

Originally discovered on viral glycoproteins (Veit 2012; Schmidt and Schlesinger
1979), S-palmitoylation (or S-fatty-acylation) is the covalent modification of cys-
teine residues of a protein with palmitoyl groups, i.e., the 16-carbon fatty-acyl
(C16:0) groups, through thioester bonds (Fig. 1b). S-palmitoylation is catalyzed by
a family of evolutionarily conserved Asp-His-His-Cys (DHHC)-containing protein
acyltransferases (PATs); 23 PATs are known in humans, 5–7 in yeast, and 12 in
parasites (Resh 2016; Hodson et al. 2015). Different from N-myristoylation, the
thioester bond of S-palmitoylation is enzymatically reversible. Two acyl-protein
thioesterases (APTs), as well as the a/b-hydrolase domain 17 (ABHD17) protein
family (Lin and Conibear 2015), have been identified to cleave palmitoyl groups
from S-palmitoylated proteins (Fig. 1b). S-palmitoylation is ubiquitous and esti-
mated to occur on as much as 10% of the human proteome (Blanc et al. 2015),
including receptors, ion channels, signaling proteins, and so on. Therefore, S-pal-
mitoylation is extensively used as a regulatory mechanism in eukaryotes (Linder
and Deschenes 2007; Yount et al. 2013; Zhang and Hang 2017) and specifically
plays central roles in the pathogenesis of eukaryotic pathogens, such as parasites
and fungi, as well as in bacterial and viral infections (Blanc et al. 2013; Sobocińska
et al. 2018).

2.3 Ne-Lys-Fatty-Acylation

Covalent attachment of a fatty-acyl group to the epsilon amino group of a lysine
residue via amide bond linkage is referred to asNe-Lys-fatty-acylation (Fig. 1c), with
exact nature of the fatty-acyl group undetermined. Although Ne-Lys-fatty-acylation
was first reported more than 20 years ago (Stevenson et al. 1992), it has been
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understudied until recent studies uncovering sirtuins can remove fatty-acyl groups
frommodified lysines (Fig. 1c) (Jiang et al. 2013; Liu et al. 2015).Many fundamental
questions about Ne-Lys-fatty-acylation remain to be answered. For example, the
enzymes responsible for the modification have not yet been identified; its abundance
and biological functions in eukaryotes are still unknown. Nevertheless, it has been
reported that some bacterial effectors exhibit the Ne-fatty-acyltransferase activity
during infection to alter the landscape of host fatty-acylation (Zhou et al. 2017; Liu
et al. 2018), which is reviewed below.

3 Chemical Proteomic Methods for Profiling
Fatty-Acylation

3.1 Chemical Reporter Strategy for Studying
Fatty-Acylation

The emergence of bioorthogonal chemical reactions (Prescher and Bertozzi 2005;
Raghavan and Hang 2009) has inspired the development of various chemical
reporters for studying protein post-translational modifications (PTMs) (Grammel
and Hang 2013). Currently, fatty-acylation chemical reporters have been broadly
used for detection and proteome-wide profiling of protein fatty-acylation when
coupled with bioorthogonal reactions and quantitative proteomic analysis (Fig. 2a)
(Charron et al. 2009; Hang et al. 2011; Thinon and Hang 2015; Tate et al. 2015).
Fatty-acylation chemical reporters are fatty acid analogues functionalized with
unique bioorthogonal handles, such as alkynyl and azido groups (Fig. 2b). These
analogues can be utilized by native fatty-acylation machinery in cells to metabol-
ically label fatty-acylated proteins. Then the labeled proteins are further derivatized
via bioorthogonal reactions with either fluorophores for rapid detection or affinity
tags (e.g., biotin) for selective enrichment and large-scale proteomic identification.
Currently, the most widely used fatty-acylation chemical reporters are the alkynyl
derivatives of myristic acid and palmitic acid, i.e., alk-12 (or YnMyr) and alk-16 (or
17-ODYA) (Fig. 2b), which preferentially label N-myristoylated and S-palmitoy-
lated proteins (Peng et al. 2016; Thinon and Hang 2015), respectively. Other pal-
mitic acid analogues, such as YnPal (Wright et al. 2016) and x-alk-16 (Peng and
Hang 2015), with one carbon less than alk-16 and an additional diazirine group
(Fig. 2b), respectively, have also been used for labeling S-palmitoylated proteins. It
is worth mentioning that both alk-14 and alk-16 have been used for studying
Ne-Lys-fatty-acylation (Jiang et al. 2013; Liu et al. 2015).
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3.2 Acyl-Biotin Exchange (ABE) Strategy for Studying
S-palmitoylation

The characteristic hydroxylamine (NH2OH) sensitivity of thioester linkage in
S-palmitoylation has been exploited to develop the ABE strategy for selective
enrichment of S-palmitoylated proteins (Drisdel and Green 2004; Roth et al. 2006;
Kang et al. 2008). In this strategy, the disulfide bonds of proteins are first reduced
and the resulting free cysteines capped with N-ethyl maleimide (NEM). Then
NH2OH is used to selectively cleave thioester bonds, followed by capture of newly
liberated cysteines with N-(6-(biotinamido)hexyl)-3′-(2′-pyridyldithio)propiona-
mide (biotin–HPDP) or thiosepharose resin (Forrester et al. 2011) for enrichment
and subsequent proteomic analysis (Fig. 2c).

Compared to the chemical reported strategy, ABE does not require metabolic
labeling of cells with exogenous fatty acid analogues and therefore is ideal for
studying S-palmitoylation in animal tissues. However, ABE cannot distinguish
S-palmitoylated proteins from other thioester-modified proteins, such as interme-
diates in ubiquitin conjugation system (Jones et al. 2012). In contrast, the chemical
reporter strategy enables investigation of S-palmitoylation dynamics by classic

Fig. 2 Chemical proteomic profiling methods for protein fatty-acylation. a Bioorthogonal
detection and enrichment of fatty-acylated proteins with chemical reporter strategy.
b Representative fatty-acylation chemical reporters. c Chemical enrichment of S-palmitoylated
proteins with ABE strategy
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pulse-chase labeling, but may not differentiate S-palmitoylation from other classes
of fatty-acylation (Wright et al. 2016). Overall, these two strategies are largely
complementary and both provide unique coverages of S-palmitoylated proteins, as
demonstrated in a recent comparative study (Jones et al. 2012).

4 Proteomic Profiling of Fatty-Acylation in Eukaryotic
Pathogens

4.1 Proteomic Profiling of N-myristoylation in Parasites

Protozoan parasites, such as Plasmodia, Toxoplasma, Trypanosoma, and
Leishmania that cause malaria, toxoplasmosis, trypanosomiasis, and leishmaniases,
respectively, are still among the most prevalent eukaryotic pathogens around the
world, posing a significant health threat to billions of people worldwide, especially
those living in tropical areas of developing countries. The co-translational
N-myristoylation is essential for the growth and survival of many protozoan par-
asites (Tate et al. 2013). Therefore, inhibition of this modification has been pro-
posed to be a potential therapeutic strategy for treatment of parasitic infections.
However, relatively little was known about the specific roles of N-myristoylation in
parasite biology, largely due to limited availability of global N-myristoylation
profiles in various parasites. Over the past several years, a series of proteome-wide
profiling studies for protein N-myristoylation in a variety of parasites enabled by the
chemical reporter strategy have greatly expanded our appreciation of the signifi-
cance of this modification in parasitic pathogens.

N-myristoylation in Plasmodium falciparum

In 2014, Wright et al. applied the well-established N-myristoylation chemical
reporter alk-12 and label-free quantitative proteomic analysis to globally identify
N-myristoylated proteins in asexual stage Plasmodium falciparum (Wright et al.
2014), the parasite responsible for malaria. Taking advantage of a cleavable
azido-biotin reagent (Broncel et al. 2015), they uncovered more than 30 reliable
N-myristoylated proteins that are associated with a wide range of functions such as
motility, protein transport, development, and protein phosphorylation. Specifically,
among these identified proteins are the small inner-membrane complex
(IMC) proteins ISP1 and ISP3 that are essential for the formation of IMC and
parasitic invasion of red blood cells. More interestingly, the authors evaluated
several NMT inhibitors and further demonstrated that these compounds blocked
N-myristoylation effectively at EC50 values that correlate with parasite growth
inhibition, thus linking parasite death in vitro and in vivo directly to loss of protein
N-myristoylation (Wright et al. 2014). The seminal study not only provided a list of
N-myristoylated proteins in P. falciparum, but also highlighted the potential of
NMT as an antimalarial drug target.
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N-myristoylation in Trypanosoma brucei and Trypanosoma cruzi

Recently, the chemical reporter strategy, in combination with proteomic analysis,
has also been applied to globally profile protein N-myristoylation in the sleeping
sickness parasite Trypanosoma brucei (Wright et al. 2016). An initial label-free
quantitative proteomic attempt using N-myristoylation chemical reporter alk-12
identified over 100 robustly enriched proteins in T. brucei, with only half pos-
sessing the putative N-terminal glycine for N-myristoylation and others being
known GPI-anchored or S-palmitoylated proteins and potentially Ne-Lys-fatty-
acylated proteins (Wright et al. 2016). These results are not surprising and con-
sistent with previous observation that alk-12 can also label other types of
fatty-acylated proteins in addition to N-myristoylated proteins, due to high
promiscuity of the fatty-acylation machineries to fatty acid chain length. To dif-
ferentiate N-myristoylated proteins from other fatty-acylated proteins and simplify
data interpretation, well-characterized NMT inhibitors were then employed to
selectively reduce alk-12 incorporation into N-myristoylated, but not other
fatty-acylated proteins in T. brucei. Following enrichment and label-free quantita-
tive proteomics, *50 proteins were identified to have reduced abundance in
response to NMT inhibitors and considered to be highly confident N-myristoylated
proteins, with many of them bearing the N-terminal glycine motif (Wright et al.
2016). In a similar study, Roberts and Fairlamb applied the azido analogue of
myristic acid and quantitative proteomics to identify N-myristoylated proteins in
Trypanosoma cruzi, the causative agent of Chagas’ disease (Roberts and Fairlamb
2016). The authors identified 50 high-confidence N-myristoylated proteins using a
combination of label-free and stable isotope labeling of cells in culture (SILAC)
(Ong et al. 2002) quantitative proteomic analyses in the absence or presence of a
well-characterized NMT inhibitor. Interestingly, most of these proteins are of
unknown function, suggesting that more mechanistic studies are required to
understand N-myristoylation in this parasite.

N-myristoylation in Leishmania donovani

Leishmania donovani is the major causative agent of leishmaniases, a spectrum of
tropical parasitic diseases endangering millions of people around the world. Until
recently, a proteome-wide profile of N-myristoylation in L. donovani was still
lacking. Taking a similar approach to other parasites as introduced above, Wright
et al. integrated metabolic labeling with N-myristoylation chemical reporter alk-12,
chemical knockdown of NMT with selective inhibitors, and label-free quantitative
proteomics to globally profile N-myristoylated proteins in L. donovani (Wright
et al. 2015). This analysis allowed them to identify *30 candidates to be
high-confidence N-myristoylated proteins, with some of them involved in protein
phosphorylation, transport, and degradation, highlighting diverse roles of N-myr-
istoylation in modulating multiple pathways in this parasite.
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4.2 Proteomic Profiling of S-palmitoylation in Parasites

As in higher eukaryotes, S-palmitoylation has also been used extensively to regulate
key aspects of biology in parasites (Ritzefeld et al. 2017). While NMT inhibitors are
readily available, there are no specific chemical inhibitors for PATs in parasites.
Although the broadly reactive S-palmitoylation inhibitor 2-bromopalmitate (2-BP)
has been widely used, its lack of specificity on lipid metabolic pathways (Zheng
et al. 2013) is of great concern, which may complicate global analyses of
S-palmitoylation. Nevertheless, a series of chemical proteomic profiling studies in
various parasites have revealed much more S-palmitoylated proteins than previ-
ously estimated and provided important insights into the regulatory mechanisms of
S-palmitoylation for parasitic pathogenesis.

S-palmitoylation in Plasmodium falciparum

In a landmark study, Jones et al. reported the first global profile of protein S-
palmitoylation in the asexual stage of P. falciparum (Jones et al. 2012). The authors
employed two powerful chemical proteomic methods, i.e., ABE and the chemical
reporter alk-16, coupled with SILAC quantitative proteomic analysis to confidently
identify S-palmitoylated proteins. This comprehensive study identified more than
400 putative S-palmitoylated proteins, including those essential for drug resistance,
schizont development, parasitic invasion, and other virulence-associated processes
(Jones et al. 2012). Comparison of ABE with chemical reporter strategies suggested
that they were largely complementary and both methods provided unique coverage
of S-palmitoylated proteins. The authors further combined ABE and SILAC
quantitative proteomics with 2-BP treatment to examine S-palmitoylation dynamics
and demonstrated that some S-palmitoylated proteins were stably modified while
others were dynamically regulated (Jones et al. 2012). Overall, this study has
provided a wealth of data on S-palmitoylated proteins in P. falciparum, as well as
an exemplary application of the chemical proteomic methods for profiling
S-palmitoylation.

S-palmitoylation in Toxoplasma gondii

S-palmitoylation has been implicated to play an important role in host invasion of
Toxoplasma gondii. For instance, inhibition of S-palmitoylation with 2-BP can
inhibit host cell invasion and disrupt parasite morphology (Alonso et al. 2012). In
addition, small-molecule inhibition of T. gondii palmitoyl protein thioesterase-1
(TgPPT1) has been shown to trigger secretion of invasion-associated organelles and
markedly enhance infectivity of this parasite (Child et al. 2013). In order to
understand the roles of S-palmitoylation in parasitic invasion, Foe et al. performed a
global analysis of S-palmitoylated proteins using S-palmitoylation chemical
reporter alk-16 and label-free quantitative proteomics (Foe et al. 2015). Notably,
NH2OH treatment of the proteome sample was included for comparative proteomic
analysis to differentiate S-palmitoylation from other types of fatty-acylation,
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as NH2OH selectively cleaves S-palmitoylation while leaving other fatty-acylation
intact. This study revealed a total of 282 high-confidence S-palmitoylated proteins,
some of which were validated to be involved in motility, cell morphology, and host
cell invasion. Follow-up studies on a newly identified S-palmitoylated protein
AMA1 indicated that blocking its S-palmitoylation enhanced the secretion of
AMA1 and other invasion-related proteins (Foe et al. 2015). In a complementary
study, the ABE method coupled with semi-quantitative proteomic analysis was
applied to T. gondii, identifying more than 400 S-palmitoylated protein candidates
(Caballero et al. 2016), with half of them overlapping with the high-confidence
S-palmitoylated protein list reported by Foe et al. Together, these studies suggest
that S-palmitoylation is ubiquitous in T. gondii and plays an essential role in the
biology of this pathogen.

S-palmitoylation in Trypanosoma brucei

Global analyses of S-palmitoylation in T. brucei have also been performed with
both ABE and chemical reporter strategies. An early proteome-wide profiling study
in 2011 using ABE and semi-quantitative proteomic analysis identified a total of
124 putative S-palmitoylated proteins in T. brucei (Emmer et al. 2011).
Interestingly, the study showed that the broad S-palmitoylation inhibitor 2-BP
caused serious growth inhibition of the parasite while no growth effect was
observed by the selective inhibition of each of the 12 individual PATs, suggesting
functional redundancy of PATs or essential S-palmitoylated proteins. The S-pal-
mitoylation chemical reporter YnPal, coupled with label-free quantitative pro-
teomics, has also been applied to T. brucei, enabling the identification of about 100
putative S-palmitoylated proteins (Wright et al. 2016). It is worth mentioning that
around 70 proteins identified with the chemical reporter strategy were not found by
the ABE method, again highlighting the complementarity of these two strategies for
S-palmitoylation analysis.

4.3 Proteomic Profiling of N-myristoylation
and S-palmitoylation in Fungal Pathogens

Opportunistic fungal pathogens, such as Aspergillus fumigatus, Candida albicans,
and Cryptococcus neoformans that cause disease conditions Aspergillosis,
Candidiasis, and Cryptococcosis, respectively, are endangering billions of people
every year around the world with more than 50% mortality rates, resulting in over
1.5 million deaths each year (Brown et al. 2012). However, research on the
pathophysiology of human fungal pathogens is largely lagging behind that of other
microorganism pathogens. Like parasitic pathogens and other eukaryotes, major
fungal pathogens such as A. fumigatus, C. albicans, and C. neoformans all decode
for their own NMTs (Santiago-Tirado and Doering 2016), the activity of which is
essential for their viability. Therefore, NMT presents a potential target for
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development of antifungals. Although several fungal proteins, for example, the
ADP-ribosylation factor (ARF), have been shown to be N-myristoylated, the global
picture of protein N-myristoylation in these pathogens is still lacking and represents
an attractive direction for future efforts to understand the significance of this
modification in fungal pathogens.

Fungal pathogens also express their own PATs, and inhibition of these enzymes
affects their growth and survival (Santiago-Tirado and Doering 2016). As in
mammalian cells, the best-studied S-palmitoylated protein in fungal pathogens is
the signaling protein Ras, whose modification is required for proper membrane
localization of the protein and fungal pathogenesis. While chemical proteomic
profiling of S-palmitoylation has been performed in model yeast S. cerevisiae (Roth
et al. 2006) and Schizosaccharomyces pombe (Zhang et al. 2013), the global
understanding of this modification in fungal pathogens has been very limited.

Recently, we reported a proteomic analysis to globally identify the specific
substrates of an important PAT pfa4 in C. neoformans (Santiago-Tirado et al.
2015). An initial screening for regulators of C. neoformans internalization identified
pfa4 to be essential for fungal virulence in vitro and in vivo. In order to mecha-
nistically explain the functions of pfa4, we metabolically labeled the wild-type and
pfa4 knockout strains with S-palmitoylation chemical reporter alk-16, and then
employed label-free quantitative proteomic analysis to determine the pfa4-specific
substrates by comparison of the S-palmitoylated protein abundance in these two
strains (Fig. 3). This analysis allowed us to uncover the pfa4-specific S-palmitoy-
lome, which included proteins involved in cell wall synthesis, membrane traffick-
ing, signal transduction, and protein transport. Follow-up studies further suggested
that defects on S-palmitoylation of a specific subset of proteins combined to result
in avirulence of the pfa4 knockout strain (Santiago-Tirado et al. 2015). Overall, this
study presents the first global S-palmitoylation analysis in fungal pathogens and
provides important insights into development of new antifungals targeting pfa4.

Fig. 3 Schematic for proteomic identification of pfa4-specific protein substrates in C. neoformans
using the chemical reporter strategy
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5 Protein Fatty-Acylation in Bacterial Virulence

5.1 Host-Mediated Fatty-Acylation of Bacterial Effectors

Bacterial pathogens have evolved sophisticated protein secretion systems to
transport effector proteins into the cytosol of infected host cells. These effectors
normally possess unique biochemical activities to modulate a variety of host cell
processes, such as membrane trafficking, transcription, and signal transduction, for
bacterial survival and replication in host cells. Recent findings have suggested that
bacterial effectors can be post-translationally modified by host enzymatic machinery
inside infected cells. The main function of these modifications seems to target the
effectors into precise subcellular compartments to exert their functions in a spatially
coordinated manner (Hicks and Galán 2013; Ivanov and Roy 2014; Popa et al.
2016).

Among these modifications is fatty-acylation that increases the hydrophobicity
of proteins and dramatically affects protein localization by tethering to intracellular
or plasma membranes. While N-myristoylation has been largely described in many
effectors from plant bacterial pathogens, for example, the Pseudomona syringae
effectors AvrRpm1 and AvrB (Nimchuk et al. 2000; Maurer-Stroh and Eisenhaber
2004), S-palmitoylation is more commonly reported in effectors from human bac-
terial pathogens. For example, three Salmonella effector proteins have been
reported to be S-palmitoylated, i.e., SifA, SspH2, and SseI. SifA is prenylated at its
C-terminus and S-palmitoylated at an adjacent cysteine residue (Reinicke et al.
2005). In contrast, SspH2 and SseI are S-palmitoylated at a conserved cysteine
residue within their N-terminal domains, resulting in targeting of these effectors to
the host cell plasma membrane (Fig. 4a) (Hicks et al. 2011). In addition, Legionella
effectors GobX and LpdA were also shown to be S-palmitoylated recently (Lin et al.
2015; Schroeder et al. 2015). Nevertheless, a global analysis of host-mediated
fatty-acylation of bacterial effectors has not yet been reported and requires further
exploration in future.

5.2 Modulation of Host Fatty-Acylation by Bacterial
Effectors

In addition to taking advantage of host PTM machinery for their own modification,
bacterial effector proteins may also manipulate PTMs on host proteins to facilitate
bacterial survival and infection. These effector proteins are normally enzymes that
directly catalyze the formation or removal of PTMs on host proteins by imitating
the activities of host PTM machinery or by using unique activities (Cui and Shao
2011; Salomon and Orth 2013; Reddick and Alto 2014). The manipulated host
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targets are generally those required for host immune responses, such as the
mitogen-activated protein kinase (MAPK) pathway, nuclear factor-jB (NF-jB)
signaling, and the ubiquitin system (Cui and Shao 2011). Apart from these, recent
intriguing studies have shown that bacterial pathogens have evolved effector pro-
teins with unprecedented enzymatic activities to modulate host fatty-acylation for
survival or escape from clearance.

In 2013, Burnaevskiy et al. reported an unprecedented enzymatic activity of
Shigella flexneri T3SS effector IpaJ that acts as a cysteine protease to cleave
N-myristoylated glycines of small GTPases for inhibition of host secretion and
trafficking systems during infection (Fig. 4b) (Burnaevskiy et al. 2013). To deter-
mine the protein substrates of IpaJ and the mechanism of substrate selection, we
performed a global N-myristoylation profiling of host cells treated with IpaJ under
different physiological contexts (Burnaevskiy et al. 2015). In an initial in vitro
study, we treated the alk-12-labeled cell lysates with recombinant IpaJ and applied
label-free quantitative proteomics to determine the N-myristoylation reduction in
the presence of IpaJ. This analysis showed that IpaJ eliminates modification of the
majority of N-myristoylated proteins, implicating no substrate preference and
selection of this effector in vitro. On the contrary, a subsequent in vivo N-myr-
istoylation profiling on alk-12-labeled cells that were infected with wild-type or
IpaJ knockout Shigella strain demonstrated that IpaJ is remarkably specific to
cleave Golgi-associated ARF/ARL family GTPases during infection (Burnaevskiy
et al. 2015). This finding then led us to propose that binding of IpaJ with GTPase
domain is the prerequisite for substrate selection. Overall, the chemical proteomic

Fig. 4 Protein fatty-acylation in bacterial virulence. a SspH2 and SseI are S-palmitoylated by host
PATs. b IpaJ cleaves N-myristoylation of host GTPases. c RID and IcsB are Ne-lysine-fatty-
acyltransferases of bacterial origin
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profiling greatly expanded our understanding of N-myristoylation in the context of
host–bacteria interaction.

Very recently, the Rho guanosine triphosphatase (GTPase) inactivation domain
(RID), a conserved effector domain of multifunctional autoprocessing repeats-in-
toxin (MARTX) toxins from Vibrio cholera, has been reported to possess a lysine
Ne-fatty-acyltransferase activity that covalently modifies lysine residues of host
RhoGTPases with palmitoyl groups (Fig. 4c) (Zhou et al. 2017). This modification
results in disruption of RhoGTPase-mediated signaling in host cell, and thus
potentially facilitates bacterial evasion from host defense. During the progression of
this study, we were focusing on the RID homologue in S. flexneri, IcsB, which is a
T3SS effector essential for bacterial evasion of host autophagy. Not surprisingly, we
discovered that IcsB is also an Ne-fatty-acyltransferase that modifies RhoGTPases
like RID (Fig. 4c) (Liu et al. 2018). To determine the substrate scope and biological
consequence of this enzymatic activity, a chemical proteomic profiling involving
alk-16 metabolic labeling of host cells infected with wild-type or IcsB knockout
Shigella strain and SILAC quantitative proteomics was performed. This unbiased
global analysis enabled the identification of about 60 IcsB substrates that are
associated with a variety of cellular processes, such as endosomal recycling and
membrane trafficking (Liu et al. 2018), thus providing us important insights into
substrate recognition mechanism and biological function of this effector.

6 Conclusions

Protein fatty-acylation is ubiquitous and regulates almost every aspect of cellular
biology. Specifically in the interface of host–pathogen interaction, fatty-acylation,
e.g., N-myristoylation and S-palmitoylation, is essential for the viability and
pathogenesis of eukaryotic pathogens such as parasites and fungi. Pathogenic
bacteria have also evolved the surprising capacity to hijack host fatty-acylation
machinery for modifying their own effector proteins or manipulate host
fatty-acylation levels to facilitate survival and invasion during infection. The
application of chemical proteomic profiling strategies to microbial pathogens for
global analysis of fatty-acylation has significantly expanded our understanding of
the importance of this modification in microbial pathogenesis. Unraveling the
regulatory roles of fatty-acylation under this context will ultimately pave a new
avenue for developing anti-infective strategies. Future efforts in this area should be
focused on discovery of specific inhibitors for fatty-acylation and characterization
of its biological consequence during microbial infections.
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Abstract Ubiquitination is a frequently occurring and very diverse posttranslational
modification influencing a wide scope of cellular processes. Ubiquitin (Ub) has the
unique ability to form eight different lysine-linked polymeric chains, mixed chains
and engages with ubiquitin-like (Ubl) molecules. The distinct signals evoked by
specific enzymes play a crucial role in, for instance, proteasome-mediated protein
degradation, cell cycle regulation, and DNA damage responses. Due to the large
variety of cellular functions that this posttranslational modification influences, the
enzymes that construct such Ub modifications, and subsequently controle and
degrade these signals, is enormous. In this chapter, we will discuss the current

G. J. van der Heden van Noort (&) � H. Ovaa
Department of Cell and Chemical Biology, Chemical Immunology, Oncode Institute,
Leiden University Medical Centre, 2333 ZC Leiden, The Netherlands
e-mail: gvanderheden@lumc.nl

H. Ovaa
e-mail: h.ovaa@lumc.nl

Current Topics in Microbiology and Immunology (2019) 420:111–130
DOI 10.1007/82_2018_134
© Springer Nature Switzerland AG 2018
Published Online: 04 September 2018

http://crossmark.crossref.org/dialog/?doi=10.1007/82_2018_134&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/82_2018_134&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/82_2018_134&amp;domain=pdf


state-of-the-art of activity-based probes, reporter substrates, and other relevant tools
based on Ub as recognition element, to study the enzymes involved in the complex
system of ubiquitination.

1 Introduction

Protein activity is regulated by the attachment and removal of posttranslational
modifications (PTMs). Nucleophilic side chain functionalities in the protein can be
decorated with such PTMs aided by a large class of enzymes that can monitor the
substrate and the need to activate or deactivate its activity. Some of those PTMs are
intensively studied such as, for instance, phosphorylation, but other PTMs are less
well understood due to their high complexity, such as glycosylation and ubiquiti-
nation. In the latter case, a 76 amino acid protein ubiquitin (Ub) is transferred
mostly to the e-amine of a lysine residue in a target protein. Ubiquitination is
involved in almost all aspects of eukaryotic biology including the regulation of
immune responses, cell cycle progression, and protein degradation. Ub is a stable
protein with a denaturation temperature of over 80 °C that is highly conserved from
yeast to man with only three respective changes. Another interesting feature of Ub
is its ability to form polymeric Ub chains in which the e-amine functionality of any
of the seven internal lysine residues or the N-terminal amine of Ub can be linked to
the C-terminal carboxylic acid of a subsequent Ub. Eight different topologies can
thus be formed all exerting different signaling outcomes. Lys-48-linked poly-Ub,
for instance, is involved in proteasome-mediated protein degradation, whereas the
Lys-63-linked poly-Ub is implicated to play a role in DNA damage repair. Most
linkage types have been connected to one or more specific functions but new
discoveries keep expanding the repertoire of involvement of Ub in cell signaling.
On top of this already complex system with eight different homotypic poly-Ub
chains, the possibility to form mixed heterotypic chains and branched chains
complicates the Ub system even further. Posttranslational modifications such as
phosphorylation, acetylation and newly discovered ADP-ribosylation of Ub and
hybrid chains with ubiquitin-like modifiers such as SUMO and NEDD8 are also
found to play distinct roles. The numerical amount of combinations one could think
of our vast, but are all biologically relevant?

The general mechanism of Ub attachment to a target protein or a predecessor Ub
(forming a poly-Ub chain) depends on a series of so-called E1-, E2-, and
E3-enzymes that work together to activate and ligate Ub to its target using ATP as
energy source. This process, known as the canonical Ub cascade, can undergo
repetitive cycles and lead to poly-ubiquitinated substrates. One of two E1 activating
enzymes, known to date, adenylates the C-terminal carboxylic acid of Ub and
subsequently forms a reactive thioester intermediate. One of *40 E2 conjugating
enzymes takes over the Ub cargo by means of a trans-thiolation reaction (Stewart
et al. 2016). One of over 600 E3-enzymes encoded in the human genome either
mediates the transfer of Ub from the E2 to the substrate or takes over the Ub cargo
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itself prior to transferring it to the target, depending on whether the E3 belongs to
the RING, HECT or RBR class of conjugating enzymes (Buetow and Huang 2016).
The specific combination of E2/E3 not only ensures the correct target proteins are
ubiquitinated but also dictates the type of poly-Ub linkage that is installed; actively
controlling the signaling outcome of the ubiquitination event.

Counteracting the buildup of (poly-)ubiquitinated proteins is a group of deu-
biquitinating proteases (DUBs) that break down the ubiquitin modification, liber-
ating the substrate protein, recycling Ub, and ending the Ub invoked signaling.
Nearly a hundred of such deubiquitinating proteases have been identified in human
cells that can be classified into seven distinct families. The subfamilies of
ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHs),
ovarian tumor domain proteases (OTUs), Machado–Joseph disease proteases
(MJD), motif interacting with Ub-containing novel DUB family (MINDYs), and
zinc finger with UFM1-specific peptidase domain protein (ZUFSPs) are cysteine
proteases, whereas JAB1/MPN/MOV34 proteases (JAMMs) are zinc-dependent
metallo-proteases.

To understand the complex signaling network brought about by the writers,
readers, and erasers of the ubiquitin code, tools to study them in detail and on
molecular level are of great interest. Below we describe the current state of the
molecular toolbox available and three examples of their use in unraveling some of
the secrets in viral and bacterial interference with ubiquitin biology.

2 The Current Toolbox

A diversity of tools has been developed to study the activities of enzymes involved
in constructing and deconstructing ubiquitin chains and ubiquitinated proteins. The
probes based on the Ub core as recognition element will be discussed below
classified on their ability to target different enzymatic functions. Both chemical and
semi-synthetic techniques are used to construct such probes, each having distinct
advantages and drawbacks that, however, will not be discussed in great detail in this
chapter.

2.1 DUB Targeting Covalent Probes

The first activity-based probe based on Ub forming a covalent complex between
probe and target protease was based on replacing Gly75-Gly76 with
4-aminobutyraldehyde (Pickart and Rose 1986). The ubiquitin aldehyde (Ubal)
reagent was found to form a complex and inhibit the activity of the UCH protease
studied. Modifications on this reactive C-terminal element with, for instance, a
nitrile moiety (Lam et al. 1997) and glycine vinyl sulfone (VS) or glycine vinyl
methyl ester amine (VME) (Borodovsky et al. 2001, 2002) led to the development
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of a bigger panel of activity-based probes able to capture the active site cysteines of
deubiquitinating enzymes. These electron poor vinyl motifs act as Michael acceptor
element and allow the sulfur nucleophile of the active site cysteine to be trapped by
forming a covalent intermediate in an irreversible reaction. Later on, the total
chemical synthesis of Ub (mutants) using solid phase peptide chemistry (El Oualid
et al. 2010; Kumar et al. 2009; Pasunooti et al. 2009) opened the way to prepare Ub
probes carrying fluorescent labels or affinity handles on large scale (de Jong et al.
2012). Exploiting a similar mode of action as Ub-VME is Ub-propargyl (Prg),
where the terminal alkyne of the propargyl moiety unexpectedly is able to react
with the active site cysteine leading to a covalent adduct in the form of a vinyl
thioether linkage (see Fig. 1a) (Ekkebus et al. 2013). Major advantage of this last
variant, Ub-Prg, is its unreactiveness toward other cysteine proteases, making it
really a DUB-specific probe. In general, specificity of such probes for DUBs is
based on the Ub element of the probe to be recognized by the protease on a binding
interface or so-called S1-pocket preceding the active site placing the reactive

Fig. 1 Activity-based probes to target DUB activity. a Reaction details of cysteine protease
reaction with Ub-Prg, b different probes targeting S1, S1–S1′, or S1–S2 interactions,
c misplacement of probes on DUBS allowing the study of different binding pockets
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element directly over the active site cysteine. In this situation, the two reacting
partners are optimally aligned and lead to the formation of a covalent adduct (see
Fig. 1a).

Some DUBs have been shown to have a preference to specifically cleave certain
poly-Ub chains. In order to investigate such possible preferences, in a classical
experiment all native diUb molecules are incubated with a purified recombinant
DUB and cleavage of the diUb is monitored over time. Biggest drawback of this
method is that it is not compatible with complex biological settings (such as cell
lysate), and it is limited to isolated DUBs. To overcome such issues, a second
generation of probes to investigate linkage-specific proteolysis of DUBs has
emerged more recently. These probes generally consist of two ubiquitin moieties
carrying a Michael acceptor element in the isopeptide linkage region in-between the
two Ub moieties. Initial reports show the two Ub regions to be linked together using
non-native connections such as a triazole (McGouran Joanna et al. 2013) and thiol
ether linkage (Li et al. 2014). Two type of probes presenting either a dehydroala-
nine (Dha) (Haj-Yahya et al. 2014) or VME-like electrophilic trap (Mulder et al.
2014) mimic the native lysine–glycine linkage the closest using amide linkages.
A panel of all seven isopeptide-linked diUb probes can be constructed and used to
covalently capture the active site cysteine of the DUB showing its reactivity and
preference toward certain linkage types. Using such probes the N-terminal or distal
Ub molecule will be positioned before the active site in the so-called S1-pocket, and
the C-terminal or proximal Ub molecule will be positioned after the active site
cysteine in the so-called S1′-pocket. Due to the geometrical differences between al
Lys-linked diUb probes, the DUB will only be able to position the probes mim-
icking its natural substrates in such a way that the active site cysteine is able to react
with the reactive element (see Fig. 1b).

Some DUBs are able to recognize Ub chain topologies using other binding
surfaces further away from the active site, such as, for instance, an S2-site pre-
ceding the S1-site. A third generation of probes targeting such S2 binding sites has
been developed where a diUb molecule is equipped with a reactive element at the
proximal C-terminus (Flierman et al. 2016). These probes are only able to react
with DUBs that contain a S2-site that plays a determining role in positioning the
diUb molecule in the S2- and S1-sites thereby placing the alkyne directly over the
active site cysteine (see Fig. 1b). Noteworthy is that the isopeptide linkage between
proximal and distal Ub has been replaced by a protease stable triazole linkage,
prohibiting the protease of interest to degrade the probe during assays.

If a DUB recognizes such a third generation diUb probe using its S1- and S1′-
sites, the alkyne will not be in the vicinity of the active site cysteine and no covalent
adduct will be formed. Conversely, if a second generation probe will be reacted
with a DUB recognizing the diUb moiety using it’s S2- and S1-sites, no reaction
will occur since the reactive element will not be aligned with the reactive cysteine
(see Fig. 1c). Having access to both second and third generation probes offers an
exciting combination to investigate the binding interfaces that play a role in
determining binding preferences of DUBs and cast a light on their molecular
mechanism of action.
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More recently a new probe able to reversibly capture cysteine DUBs followed by
the release of the still active proteases has been published, making use of subtle
chemistry to form, and disrupt disulfide bridges between the active site cysteine and
Ub-based thiol-containing probe (de Jong et al. 2017). Although only the proof of
principal studies has been performed, this novel technology holds great promise for
the future capture, release, and follow-up investigations of native active cysteine
DUBs.

Not all DUBs are cysteine proteases, however, and the metallo-DUB family
currently is understudied due to the lack of probes. Selective probes targeting such
proteases are needed and will no doubtably be developed in the future.

The covalent capture of active DUBs with Ub-based activity-based probes
allows for purification of the formed complexes and subsequent crystallization
efforts to study the interactions between protease and Ub in detail. A large number
of crystal structures has been solved using such Ub-based ABPs as is reviewed by
van Tilburg et al. (2016). Synthetic procedures to prepare above-mentioned probes
and reagents on large scale are in place and are finding their way into the related
fields of Ub-like proteins such as, for instance, SUMO biology (Mulder et al. 2018).

2.2 E1–E2–E3 Targeting Covalent Probes

Due to the diversity and complexity in the conjugating and ligation machinery,
development of probes targeting the constructing of ubiquitinated substrates has
only emerged more recently than probes targeting the deconstructing proteases, for
the simple reason that targeting a sequential enzymatic cascade is more difficult
than targeting a single proteolytic step.

The first step in the cascade is activation of the C-terminal carboxylate of Ub by
and E1-activating enzyme. The E1 firstly adenylates the carboxylic acid group of
glycine 76 at the expensive of ATP in one region of the E1 and subsequently the
catalytic cysteine of the E1 in another region of the enzyme takes over the Ub cargo
by forming a thioester and expelling AMP. Initial probes based on Ub71-CGG-vinyl
sulfonamides show reactivity toward the cysteine of yeast E1 Uba1, although the
C-terminal Arg-Leu-Arg-Gly-Gly region of Ub is replaced by the smaller
Cys-Gly-Gly vinyl adenyl sulfonamide, rendering a shorter Ub mutant with a RL
deletion (see Fig. 2a) (Lu et al. 2010). These Ub probes are based on small
molecule adenyl sulfonamide analogues that can also be used to monitor intracel-
lular E1 activity and specific inhibitory potential toward different E1’s (An and
Statsyuk 2013; Misra et al. 2017). Other probes based on Ub77-dehydroalanine
adenyl amides also show reactivity toward a. o. Uba1 although these probes are
longer than the native Ub76 substrate (An and Statsyuk 2016).

Combined this data implies that unlike the active sites of DUBs the E1’s are
more tolerant toward their substrates or the flexibility of the C-terminal tail of Ub
corrects for possible misalignment during the Ub transfer from the ATP binding
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domain to the catalytic cysteine domain of the E1. These adenylate mimic ABPs are
important to study E1’s but in view of the bigger picture are quite restricted. Due to
the stabilized adenylate (either amide or sulfonamide) linkage, these probes lack the
ability to be transferred down the enzymatic cascade, being stuck in the first stage.

The second step in the cascade is transfer of the Ub cargo from E1 to E2, a
processes that can be trapped and studied using a E2 based–ABP (Stanley et al.
2015). Recombinant expression of an E2 and modification with an tosyl-substituted
double-activated ene-reagent (TDAE) forms an electron poor activated vinyl sulfide
that upon juxta-positioning of the E1’s cysteine is able to form a stable bis thioether
E1–E2 complex (see Fig. 2b). In an analogues approach, the third step in the

Fig. 2 Activity-based probes to capture a E1-enzymes, b E1–E2 interactions or Ub–E2–E3
interactions, c Ub–E1, Ub–E2, and Ub–E3 interactions
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cascade, Ub transfer from E2 to E3 can be interrogated. A ubiquitin-charged E2
carrying a TDAE element allows for trapping the trans-thiolation event toward an
E3, forming a stable complex between Ub, E2, and E3 (see Fig. 2b) (Pao et al.
2016). Of note is that in this last TDAE derived probe, the C-terminal RGG motif of
Ub is replaced by the reactive TDAE element, which might limit the generality of
such probes as it is implicated that R74 and the diGly motif can play an important
role of recognition of the appropriate Ubl.

All approaches mentioned above are useful in specifically studying one step in
the cascade of Ub-ligation. To amend the need to be able to pass down the probe
through the complete cascade and target E1’s, E2’s, and E3’s; simultaneously, a
‘cascading’-probe based on a C-terminal dehydroalanine (Dha) moiety was
developed (Mulder et al. 2016). This reactive element has been employed earlier in
diUb probes targeting cysteine DUBs (Haj-Yahya et al. 2014), but was found in
other studies to show low reactivity. This low reactivity can be harnessed in
trapping the E1–E2–E3 enzymatic cascade consecutively (see Fig. 2c). The
Ub75Dha can be activated by an E1 to form a thioester intermediate and transferred
to an E2 and subsequent RBR- or HECT-E3 via a trans-thiolation reaction. In each
step, only a small portion of the active cysteines will be trapped by the Dha-moiety,
while the rest of the cysteine will continue to function normal in the trans-thiolation
step. By doing so, the probe will capture all components in the cascade, which has
been shown to indeed be detectable using proteomic approaches in a proof of
principle study.

The above-mentioned arsenal of probes has emerged very recently, and most
likely the near future holds exciting insights in the ubiquitination cascade through
implementation of these probes. Complicating factor in the investigation of
E3-ligases is that of the three major classes of E3’s only the HECT and RBR classes
have an active cysteine residue that takes over the Ub cargo from an E2 and transfer
it to the final substrate protein. RING E3s do not possess such an active site cysteine
and merely serve as platforms to bring Ub charged E2’s and substrates together,
thereby making them unsuited for direct probing using ABPs.

2.3 Assay Reagents

Other type of probes or assay reagents based on a Ub scaffold have also been
developed allowing the real-time monitoring of DUB or ligase activity. In contrast
to the probes described above, these reagents do not have a Michael acceptor
element and thus do not form a covalent complex with the targeted enzyme, but
mostly rely on a fluorescent signal that is altered. Advantage of the probes
described below is that one enzyme can perform multiple catalytic cycles, and
hence, signal amplification occurs allowing a more accurate readout of the enzymes
native activity and/or specificity.
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An important class of Ub-based assay reagents is the fluorogenic Ub reagents,
where a quenched fluorophore is conjugated at the C-terminus of Ub. DUB activity
will cleave the amide bond at position 76, and the fluorophore will be released from
the Ub and simultaneously start to fluoresce (see Fig. 3a). Hence, the increase in
fluorescence is a direct measure of DUB activity. Fluorogenic reporters used in such
type of reagents are aminomethylcoumarin (AMC) (Dang et al. 1998) or substituted
rhodamine-110 (RHO) (Hassiepen et al. 2007) scaffolds that show favorable
fluorescent properties. In a similar setup, DUB mediated aminoluciferin release can
be assayed in a bioluminescence approach using a luciferase assay (Orcutt et al.
2012). All of these reporters are conjugated to a mono-Ub recognition element, and
hence, the preference of a DUB to specific poly-Ub topologies cannot be assessed.
To allow monitoring chain-specific proteolysis mediated by S1–S2 interactions on
the DUB, diUb-AMC substrates were generated (Flierman et al. 2016). In analogy
to the diUb-Prg covalent probes, these diUb-AMC substrates are linked via a
non-hydrolysable triazole linker preventing proteolysis of the diUb entity during the
assay.

One important note is that the fluorogenic substrates do not contain an isopeptide
linkage at the side where the DUB would perform its proteolytic action, whereas the
natural substrates for most DUBs would. To mimic this isopeptide link more clo-
sely, fluorescent polarization (FP) reagents were developed where Ub is conjugated
via a native isopeptide linkage to a fluorophore carrying substrate derived peptide
(Tirat et al. 2005; Geurink et al. 2012). Rationale behind these reagents is that once
the fluorophore-containing peptide is linked to Ub, the large construct tumbles
slowly in solution and light remains polarized, whereas after proteolysis the small
fluorophore-containing peptide tumbles faster and hence the polarization of light
decreases (see Fig. 3b). Such tools are not only reported for Ub but also for other
Ubl’s such as the three SUMO’s, Nedd8, and ISG15.

Another type of reagent makes use of the fact that a fluorophore and quenching
moiety can be placed in close proximity of each other on a diUb or Ub-substrate
peptide and upon DUB action both entities are separated and hence fluorescence is
restored (see Fig. 3c). Probes based on such a time-resolved fluorescence resonance
energy transfer (FRET) principle consisting of Ub-peptide (Ohayon et al. 2012) and
diUb moieties (Geurink et al. 2016; Ye et al. 2012) have been described. All seven
lysine-linked diUb FRET pairs are available which form a platform to measure
DUB preference and kinetic parameters in real time. Using similar technology, the
E2 mediated constructing of poly-Ub chains equipped with a FRET acceptor onto a
FRET donor-containing Ub results in a FRET signal (Madiraju et al. 2012). In this
particular study, inhibitors for the E2 can be identified when a decrease in FRET
signal is observed in the assay.

Although it was long assumed that in order to ubiquitinate the target substrate
the complete cascade, so E1, E2, and E3 functions are needed, recent reports show
that Ub-thioesters can be used in in vitro studies to monitor HECT- or RBR-E3
ligase activity. In these assays, the E1- and E2-functions are bypassed and
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Ub-thioesters [Ub-MES (Park et al. 2015) or fluorescent analogue Ub-FLUOR
(Krist et al. 2016)] are directly trans-thiolated by the active cysteines in several E3's.
The fluorescent thioester allows real-time quantitative monitoring of E3-ligase
activity using a fluorescence polarization set up (Park et al. 2017) (see Fig. 3d).

Fig. 3 Assay reagents based on Ub. a Fluorogenic substrates, b fluorescent polarization reagents
to monitor DUB activity, c fluorescent energy transfer reagents, d fluorescent polarization reagents
to monitor E3-ligase activity
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2.4 (Poly)Ub Chains

All probes mentioned above are based on mono-ubiquitinated peptides, mono-Ub
or diUb carrying a reactive or fluorescent entity. Moving forward in our under-
standing of the Ub system, it would be of great value to have access to well defined
larger Ub chains and probes made thereof. Synthetic, semi-synthetic and bio-
chemical methods are in place to produce poly-Ub chains, carrying native
isopeptide linkages or artificial (non-hydrolysable) linkages.

Biochemical methodology to obtain all except K27-poly-Ub chains, are reported
and rely on the use of linkage-specific E2/E3 enzyme combinations as has been
reviewed elsewhere (Faggiano et al. 2016) (see Fig. 4a). Although the majority of
poly-Ub chains can be produced, several drawbacks come with such methods.
Crucial in biochemical production of Ub chains is that in order to have a defined
polymer length, the mixture of simultaneously produced poly-Ub’s needs to be
separated, most frequently done using cation exchange chromatography. Inherent in
producing polymers is that the isolated yield of one specific poly-Ub species is low
and scalability of biochemical methodology hence can be an issue. Some of the E2/
E3 combinations are not absolute topology specific and additional treatment using
DUBs might be necessary to guarantee a homogenous preparation, further com-
plicating procedures. All in all six out of seven lysine-linked poly-Ub chains can be
prepared biochemically although preparation of high quantities of pure material still
is a laborious task.

On the other hand, the total chemical synthesis of poly-Ub chains has been
undertaken. Several methods using auxiliaries, different thiol modified amino acids
and ligation/desulfurization strategies are in place as reviewed elsewhere (Spasser
and Brik 2012), allowing for the sequential construction of Ub chains with the
impressive highlight of K48-linked tetra-Ub (Kumar et al. 2011). Although for such
time-consuming approaches a high level of expertise is required, it does allow the
introduction of fluorophores, affinity handles or conjugation to substrate peptides or
proteins. Of note is that using an isoUb native chemical ligation approach also K27
tetra-Ub chains and mixed chains have been prepared and employed in structural
studies (Tang et al. 2017). In contrast to sequential strategies, chemical polymer-
ization approaches using a bifunctional thiolysine/thioester-Ub mutants (van der
Heden van Noort et al. 2017; Moyal et al. 2012) (see Fig. 4b) leading to native
isopeptide-linked Ub chains, bifunctional thiol/ene Ub mutants leading to
thioether-linked Ub chains (Trang et al. 2012) (see Fig. 4c) or azide/alkyne-Ub
mutants leading to triazole-linked Ub chains (Schneider et al. 2014) (see Fig. 4d)
give rise to larger poly-Ub analogues including the biochemical unavailable
K27-linked Ub chains. Such stable poly-Ub chains can be employed to study the
interacting proteins or ‘readers’ of the Ub code by performing pull-down experi-
ments and subsequent proteomic analysis using mass spectrometry approaches
(Zhao et al. 2017; Zhang et al. 2017).
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Fig. 4 Poly-Ub generation using a the native E1–E2–E3 cascade, b a native chemical ligation
approach, c a thiol–ene radical coupling approach, and d a copper-catalyzed Huisgen
cycloaddition approach
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3 Applications

The above-described arsenal of ubiquitin-based probes, substrates, chains, and
analogues are each designed to target-specific enzymatic functions or give insight
into unanswered question regarding the ubiquitin–proteasome system. Apart from
the proof of principle studies conducted during the development of these probes, it
is important to note that these tools have made the translational step from the
drawing board to actual biochemical and structural studies on viral and bacterial
enzymes playing a role in the manipulation of (human) host pathways.

3.1 Applications in Virology

Viruses have defense mechanism in place to either utilize the host’s ubiquitin
system in their own advantage or to combat the host’s immune response by sup-
pressing pro-inflammatory Ub signaling. Human coronaviruses (hCoV), responsi-
ble for pandemic outbreaks of severe acute respiratory syndrome (SARS) in 2003
and Middle East respiratory syndrome (MERS) in 2012, are two of such viruses that
are interfering with the host’s Ub signaling. One way these coronaviruses act is by
dampening the immune response through action of viral proteases that possess
deubiquitinase and deISGylase functions. Interferon stimulated Gene 15 (ISG15) is
a ubiquitin-like (Ubl) modification that has two Ub domains in tandem and is
upregulated and attached to substrates during an antiviral response. The papain-like
proteases (PLpro’s) in both MERS and SARS hCoV are identified to cleave ISG15
and Ub from cellular proteins. In a study comparing MERS and SARS PLpro, it
was found that fluorogenic substrates Ub-AMC and ISG15-AMC were both
cleaved to a similar extent by MERS PLpro, where SARS PLpro preferred
ISG15-AMC (Békés et al. 2015). Covalent capture of these proteases by ABP
Ub-propargyl again showed a higher reactivity for the MERS then for the SARS
protease. Cleavage assays using native K48-linked tetra-Ub also show a distinct
pattern. SARS PLpro cleaves the Ub4 into Ub2 and is hardly able to process Ub2
any further, whereas MERS PLPro cleaves Ub4 into a mix of Ub3, Ub2, and Ub.
SARS PLpro seems to have a di-distributive mechanism only making a cut after a
Ub2 moiety, whereas MERS is mono-distributive cleaving after one Ub residue.
DiUb ABP’s having the reactive element either at the proximal side of the Ub2 or
in-between the Ub moieties help to explain how these two different mechanism
function, as MERS PLpro is able to react with the in-between probe and not the
proximal probe, and SARS PLpro shows opposite reactivity toward these two
probes (Bekes et al. 2016). Hence, activity of SARS PLPro seems to be largely
influenced by an S2 site, whereas MERS PLpro does not seem to contain such a
site. A crystal structure of the complex between the S2–S1 targeting diUb ABP and
SARS PLpro allows identification of the crucial contacts in the S2-site of the DUB
and the diUb ABP. All in all these hCoV proteases, although homologous,
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are shown to have a different mode of action using the three generations of
activity-based probes (discussed in Sect. 2.1) and accompanying kinetic parameters
could be deduced using fluorogenic mono- and diUb-AMC substrates (discussed in
Sect. 2.3).

3.2 Applications in Bacteriology

Similar to viral interference with host immune response, bacteria also have
sophisticated mechanisms in place to counteract host immune responses and create
optimal conditions for the bacterium to survive and promote replication. Bacterial
effector proteins typically are directly secreted into the host cells to interfere with
host kinase activities or Ub(l) signaling pathways. Interestingly, those bacteria do
not have Ub or Ubl systems themselves and such effector proteins are only in place
to promote survival within the host organism. Much of these effector proteases fall
in the class of CE clan effector enzymes, which in humans consists of SUMO- and
NEDD8-specific proteases. Bacterial CE clan proteases do not only show activity
toward Ubl’s but some members also show acetyltransferase activity. In a com-
parative study on such CE clan effectors from intracellular pathogens Salmonella
typhimurium, Chlamydia trachomatis, Escherichia coli, Yersinia pestis, Rickettsia
bellii, Shigella flexneri, and Legionella pneumophila, activity, specificity, and
structure were investigated (Pruneda Jonathan et al. 2016). Although all share a
common fold most but not all of them were able to react with ABP Ub-Prg. Using
Ub-, SUMO1-, NEDD8- and ISG15-FP substrates (discussed in Sect. 2.3), the three
effectors unreactive toward Ub-Prg were also shown to be unreactive toward any of
the FP-reagents whereas the others showed reactivity toward both Ub and NEDD8
reagents. In contrast to their unreactivity toward Ubl’s, the three CE effectors did
show acyl transferase activity. Using diUb substrates, the panel of bacterial DUBs
was all shown to have a strong preference for K63-linked chains, followed by K48
and K11 at later time points or higher enzyme concentrations. This specificity
mostly was shown to be regulated by the S1′-site of these DUBs. Taken together,
this study uses both mutational analyses, crystal structure information, and data
obtained by Ub(l)-based probes and assay reagents to classify and study the
molecular details of a bacterial class of effector proteins in detail.

3.3 Legionella Effector Enzymes: The Odd-Ones Out

We thought we understood the basis of the Ub system, but do we actually? Several
enzymes have been recently identified to control the Ub system by attaching ade-
nosine diphosphate ribose (ADPr) onto specific positions in Ub, exerting a new
layer of control. The intracellular pathogenic bacterium L. pneumophila, the cause
of Legionnaires disease, releases effector proteins into its host to hijack the host Ub
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pool (Bhogaraju et al. 2016). These multi-domain SidE family proteins catalyze the
ubiquitination of substrates proteins independent of the E1-E2-E3 cascade and
without the use of energy source ATP. Instead they use NAD+ (see Fig. 5—
structure II) to attach ADPr on the nucleophilic side chain of arginine 42 of Ub
using their mono ADPr transferase (mART)-domain (see Fig. 5—structure I (Qiu
et al. 2016). Subsequently, the phosphodiesterase (PDE) domain within SidE cat-
alyzes the reaction between a serine-containing substrate (see Fig. 5—structure IV)
and the ADP-ribosylated Ub (see Fig. 5—structure III), affording a ribosyl phos-
phate linkage between Ub and the target protein (see Fig. 5—structure V)
(Kotewicz et al. 2017). Besides a mART and PDE domain SidE family members
also contain a N-terminal canonical DUB domain that is not necessary for bacterial
replication, but is crucial in regulating the extend of ubiquitination at the bacterial
vacuolar surface. Cleavage assays using diUb substrates show a preference of K63
over K48 and K11, and crystallization efforts of the formed complex with ABP
Ub-VME reveal a different binding modus, not involving the I44 patch on Ub, of
the cysteine DUB and Ub (Sheedlo et al. 2015). Besides the multi-domain
multi-function SidE’s, Legionella also expresses a deubiquitinase SidJ that is able
to cleave the formed phosphodiester linkage to Ub, liberating the substrate protein
and phosphoribose modified ubiquitin (see Fig. 5—structure VI) (Qiu et al. 2017).
This phosphoribose-Ub also interferes with the host Ub machinery as it prevents the
canonical E1 to activate and further process the Ub molecule (Puvar et al. 2017). By
controlling the construction and deconstruction of modified Ub, without competing
with the canonical system, the bacterium tries to hijack the host Ub system.

Fig. 5 Actions of SidE effector enzymes ADP-ribosylating Ub(Arg42) and subsequent coupling
to substrates forming a phosphoribose linkage between substrate and Ub
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Lots of questions on the mechanism of action, substrate recognition, and scope
of this E1–E2–E3 independent ubiquitination and attached deubiquitination process
call for the development of novel probes specifically targeting such pathways. So
far the development of ADP-ribosylated Ub carrying a protease stable triazole
linkage between the ribose and Arg42 of ubiquitin has been shown to reflect the
native auto-ubiquitination activity of SidE family member SdeA (Liu et al. 2018).
No doubtably probes targeting this interesting new way of Ub conjugation to
substrates will appear in the near future.

4 Conclusions

The complexity of the ubiquitin system and its involvement in a wide variety of
important biological processes makes it a widely and intensively studied field. The
roles Ub play in neurodegenerative disease and cancers, for instance, make it a
potential target for therapeutic intervention. Unraveling the complexity of this,
highly sophisticated system is aided greatly by the development of (activity-based)
probes reporting on the dynamics and structural mechanisms used by activating
enzymes, ligases, and proteases counteracting the buildup of (poly)-ubiquitinated
substrates. Ranging from probes that covalently trap the active cysteines involved in
catalysis to probes that have altered fluorescent properties upon enzyme activity and
stabilized substrates or poly-Ub chains allowing preference studies and profiling of
the Ub interactome have been developed over the past decade or so and already
have shed their light on some fundamental question in Ub biology. The more
knowledge is gathered on the functioning of those (de)ubiquitinating proteins the
more tailored solutions to interrogate their biology, and hence, specific probes
involved in such approaches become. Without a doubt will the next generation of
Ub-based tools help to increase our knowledge on the system and perhaps ulti-
mately lead to diagnostic tools or therapeutics making it to the clinic.
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Abstract Successful viral infection, as well as any resultant antiviral response,
relies on numerous sequential interactions between host and viral factors. These
interactions can take the form of affinity-based interactions between viral and host
macromolecules or active, enzyme-based interactions, consisting both of direct
enzyme activity performed by viral enzymes and indirect modulation of the activity
of the host cell’s enzymes via viral interference. This activity has the potential to
transform the local microenvironment to the benefit or detriment of both the virus
and the host, favouring either the continuation of the viral life cycle or the host’s
antiviral response. Comprehensive characterisation of enzymatic activity during
viral infection is therefore necessary for the understanding of virally induced dis-
eases. Activity-based protein profiling techniques have been established as effective
and practicable tools with which to interrogate the regulation of enzymes’ catalytic
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activity and the roles played by these enzymes in various cell processes. This paper
will review the contributions of these techniques in characterising the roles of both
host and viral enzymes during viral infection in humans.

1 Introduction

Viruses are infectious biological agents which lack the ability to replicate inde-
pendently; specifically, they lack translational and metabolic machinery, and they
are therefore obligate intracellular parasites. Viral particles consist of either an RNA
or DNA genome surrounded by a protein capsid which protects the genetic mate-
rial. Certain viruses are additionally enveloped by a lipid bilayer derived from host
membranes. In order to propagate, viruses must use host cell systems to assemble
new RNA, DNA, proteins and lipid envelopes. Though details of viral life cycles
vary from virus to virus, there are five general stages: cell entry, translation of viral
proteins, replication of the genome, assembly of the viral particle and egress from
the cell (Fig. 1). Activity-based profiling has been used broadly to characterise

Fig. 1 Viruses utilise multiple host systems throughout their life cycle. Life cycles differ between
viruses. Positive-strand RNA viruses (ex: HCV) follow the path illustrated on the left: receptor
binding, internalisation, protein translation, replication within membranous structures in the
cytosol, assembly and secretion. Viruses such as influenza A and herpesviruses follow the path on
the right: replication within the nucleus, export to the cytoplasm, protein translation, assembly and
budding from the cell
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host–virus interactions. The approaches used and the discoveries of these tech-
niques accorded will be highlighted herein.

The molecular processes involved in virus propagation require the diversion of
energy, molecular building blocks and other essential resources. These need to be
diverted from the host cell’s systems and into pathways and processes needed by
the virus. It is important to note that metabolic energy is consumed not only by the
synthesis of new viral particles, but also by the remodelling of the cellular envi-
ronment to meet the demands of the virus. Viruses require specific and often tightly
regulated conditions to propagate efficiently. A good example lies in the replication
of positive-strand RNA viruses, which occurs within specialised regions called
replication organelles (RO) (Neufeldt et al. 2018). These organelles create an
optimal environment for replication, allowing the concentration of the required host
and viral factors and shielding viral RNA from the innate immune response
(Neufeldt et al. 2018). The morphology of these organelles differs from virus to
virus: they can be spherical or tubular, originate from the ER, Golgi body, endo-
some or lysosome, and be composed of single, double or multi-membrane vesicles
(Novoa et al. 2005; Neufeldt et al. 2018). These membranes furthermore possess
specific lipid profiles unique to each virus. The Rubella virus RO requires elevated
saturated fatty acid levels, while West Nile virus, hepatitis C virus and enteroviruses
require high cholesterol (Harak and Lohmann 2015; Paul and Bartenschlager 2015).
The hepatitis C RO also requires elevated levels of sphingolipids and phosphory-
lated phosphoinosides (PIPs) (Hsu et al. 2010; Harak and Lohmann 2015; Paul and
Bartenschlager 2015). The large amount of metabolic energy required to change the
lipid profile of a cell in this manner necessitates significant perturbation of normal
lipid homeostasis.

The diversion of metabolic energy and the remodelling of host cell architecture
are initiated by viral enzymes; however, direct modification of cellular architecture
by viral enzymes is not always feasible due to the small range of functionalities
encoded by viruses. Changes in host cell function, through changes in abundance
and activity of key enzymes, can be induced by the virus as homeostatic responses
to virus-induced changes as well as immunological responses to infection. Viral
genomes can be extremely small: the hepatitis B virus, for example, has a genome
3.2 kb long (Liang 2009). As a result, viruses utilise the machinery of the cells they
infect to replicate their own genome and assemble new viral particles for release
and subsequent reinfection of new host cells.

Functional changes that are induced either directly or indirectly often are the
result of changes in enzyme catalytic activity of both viral and host-derived
enzymes. Interrogating changes to enzymatic activity during viral infection is
therefore essential to form a complete understanding of the mechanisms of virus
infection. Activity-based protein profiling (ABPP) techniques (Barglow and Cravatt
2007; Cravatt et al. 2008) are ideally suited to answering questions on the pertur-
bation of enzyme function by host–virus interactions. These techniques use small
molecule probes to covalently label active enzymes, while inactive enzymes remain
unmodified. By including reporter tags in these probes, it is possible to quantitatively
report differences in levels of active enzyme within complex proteomic samples.
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This chapter will describe the contributions made by ABPP to the understanding
of host–virus interactions. ABPP has supplied a diverse toolbox of activity-based
probes which have been applied to study both viral and host enzymes: identifying
host enzymes dysregulated during different stages of viral infection, determining
how the virus effects these changes and characterizing viral enzymes’ functional-
ities, structure, and catalytic and inhibitory mechanisms (Fig. 2).

2 Viral Entry

For most viruses, the entry process consists of recognition of their target cell,
attachment to the cell’s membrane, internalisation of the virus into the cell, usually
by an endocytic pathway, and the release of viral genetic material into the cytosol of
the cell. In the case of enveloped viruses, this requires the fusion of the viral
envelope with the endosomal membrane to form a pore through which the genetic
material passes. The mechanism of formation of this pore varies between viruses,
many of which require significantly different host cell conditions or factors to
induce fusion.

A major focus in efforts to design novel pharmaceuticals has been the devel-
opment of cell entry inhibitors. Targeting cell entry prevents the spread of infection
as well as the irreversible damage to tissues caused by infection. Furthermore, as

Fig. 2 Contributions of ABPP to the understanding of host–virus interactions. a Activity-based
profiling identifies and quantifies changes to enzymatic activity caused by the virus or by the host’s
antiviral defence mechanisms. b Competitive activity-based labelling evaluates the effectiveness of
novel antiviral compounds. c Fluorophore conjugated activity-based probes allow imaging of
active enzyme localisation. d Activity-based labelling with substrate-mimetic activity-based
probes identifies new targets for viral enzymes
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host factors and not viral factors are usually targeted, it can impede the emergence
of drug-resistant strains. Antiviral pharmaceuticals targeting cell entry have been
developed against hepatitis B virus, human immunodeficiency virus (HIV) and
herpesviruses (De Clercq and Li 2016; Sun et al. 2018; de Castro and Camarasa
2018), and entry inhibitors against other viruses such as HCV are currently being
developed (Xiao et al. 2015; Qian et al. 2016).

Viruses such as the SARS coronavirus have been shown to require the activity of
lysosomal cathepsins, such as cathepsin L, in order to enter the cytosol (Bosch et al.
2008). Cathepsin L cleaves the SARS-CoV spike protein, found on the viral
envelope, thereby activating it and allowing membrane fusion to proceed (Bosch
et al. 2008). It has furthermore been demonstrated to play an accessory role in Ebola
infection, cleaving the GP1 protein in conjunction with cathepsin B and triggering
membrane fusion (Chandran et al. 2005). The epoxide-based peptide-mimetic probe
DCG-04 was developed to label cysteine proteases, a class which includes
cathepsins (Greenbaum et al. 2000).

Shah et al. applied this probe to study novel SARS and Ebola virus entry
inhibitors by competitive ABPP (Shah et al. 2010). Cells treated with their novel
inhibitors demonstrated significantly reduced labelling by DCG-04, indicating that
they were able to target cathepsin L in live cells and suggesting that they inhibited
viral entry by targeting cathepsin L (Shah et al. 2010). This study demonstrates how
an ABP can be applied in the development of novel pharmaceuticals targeting cell
entry.

3 Viral Replication

Members of the flaviviridae family significantly remodel their host cell architecture
to form an environment favourable for replication. The hepatitis C virus, one of the
most studied viruses from this family, induces the formation of double-membrane
vesicles inside a membranous web derived from the endoplasmic reticulum
(Neufeldt et al. 2018). The formation of the membranous web during HCV
infection necessitates significant alteration of the local lipid profile, which results
from viral hijacking of lipid metabolic enzymes (Neufeldt et al. 2018).
Activity-based protein profiling has been used to identify which enzymes are tar-
geted by the virus and to determine how their regulation is modulated.

3.1 Role of Triglycerides

One of the most pronounced HCV-induced changes to cell architecture is the
appearance of larger and more numerous lipid droplets near sites of viral replication
(Neufeldt et al. 2018). This is the result of both increases in fatty acid synthesis and
decreases in fatty acid oxidation and secretion (Syed et al. 2010).
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Fatty acid synthase (FASN), the enzyme responsible for de novo synthesis of
fatty acids, has been associated with HCV replication as early as 2002; however, the
nature of the interactions between HCV and FASN was not completely charac-
terised (Su et al. 2002). A probe based on the b-lactone inhibitor orlistat,
orlistat-alkyne, was shown to strongly and selectively label active FASN (Yang
et al. 2010). This probe was used to investigate how HCV altered FASN activity.
By comparing changes in protein expression and probe labelling, Nasheri et al.
determined that FASN activity was significantly increased during HCV replication
by increases both in protein expression and post-translational activation (Nasheri
et al. 2013). Imaging of active FASN using the orlistat-alkyne probe demonstrated
that HCV does not alter the localisation of FASN, indicating that the
post-translational regulation of FASN occurs by another mechanism (Nasheri et al.
2013). Increased activity of FASN during HCV replication was further confirmed
using probes containing a b-lactam warhead (Nasheri et al. 2014).

HCV-mediated upregulation of intracellular lipids has been shown to be regu-
lated via numerous mechanisms: in addition to increases in lipid synthesis,
decreases in lipolysis and lipid secretion have also been demonstrated to play a
significant role (Syed et al. 2010). Singaravelu et al. used a novel activity-based
probe with a phenyl sulfonate ester warhead (PS) to identify enzymes displaying
differential activity during HCV replication (Singaravelu et al. 2010). The PS probe
was shown to label an enzyme involved in the b-oxidation of fatty acids, the
electron transfer flavoprotein subunit alpha (ETFA). Comparison of labelling in
HCV-replicating and naïve cells shows a decrease in ETFA activity during HCV
replication, suggesting that targeting of ETFA may be a mechanism by which HCV
reduces lipid oxidation and increases intracellular lipid levels (Singaravelu et al.
2010).

In a more recent study, Nourbakhsh et al. used a fluorescently labelled
fluorophosphonate probe (Fig. 3a shows desthiobiotin-labelled variant) to profile
serine hydrolase activity in infected vs. naïve hepatoma cells. They identified one
enzyme, arylacetamide deacetylase (AADAC), which was significantly
down-regulated during HCV infection (Nourbakhsh et al. 2013). It was subse-
quently demonstrated that AADAC induces lipolysis and decreases VLDL secre-
tion of lipids, thereby decreasing the levels of intracellular triglycerides
(Nourbakhsh et al. 2013). Altogether, this study demonstrated that HCV decreases
the activity of the serine hydrolase AADAC in order to increase intracellular lipid
levels via the inhibition of lipolysis and lipid secretion.

3.2 Role of Phosphatidylinositides

Phosphatidylinositides (PIs) are minor components of the intracellular membranes
which play important roles in establishing organelle identity and in propagating cell
signalling, and certain species have additionally been shown to be able to induce
high membrane curvature (McMahon and Gallop 2005). A phosphorylated species
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Fig. 3 Examples of types of activity-based probes used to interrogate host–virus interactions.
Targeting groups shown in blue, reactive groups shown in green, and reporter tags or handles for
attachment of reporter tags shown in red. a Inhibitor-based fluorophosphonate conjugated to
desthiobiotin possesses a broad specificity towards host cell serine hydrolases. b Inhibitor-based
PIKBPyne labels specific host cell lipid kinases, phosphatidylinositol kinases type III.
c Peptide-mimetic LW124 selectively labels proteasomal subunit b5 and immunoproteasomal
subunit b5i. The BODIPY group allows LW124 to be used as a fluorescent probe, while the azide
handle allows the attachment of affinity tags for purification of labelled targets.
d Substrate-mimetic HAUb-MVE targets deubiquitinating enzymes from both viruses and host
cells. The HA tag allows detection of labelling and purification of labelled enzymes.
e Substrate-derived PDFSA targets neuraminidases on the envelope of the influenza A virus.
f Peptide-based WRPK3 contains unnatural amino acids and specifically labels Zika virus
NS2B-NS3 protease
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of PI, PI4P, has been shown to be upregulated in the membranous web; it has been
hypothesised that this it plays a role in establishing the morphology of the mem-
branous web (Hsu et al. 2010; Bishé et al. 2012). PI4P is synthesised from PI by
four PI-kinases (PIKs) which are differentially localised within the cell (Bishé et al.
2012). The identity of the kinases which contribute to HCV-mediated upregulation
of PI4P levels within the replication complex has been a subject of significant
interest (Delang et al. 2012; Bishé et al. 2012). While PIKs such as PIKA are well
established as HCV host factors, the role of other PIKs, such as PIKB, during
infection remained ambiguous (Delang et al. 2012).

In order to investigate the activity of PI4Ks during HCV infection, Sherratt et al.
synthesised a novel activity-based probe, PIKBPyne, derived from the well-known
reversible PIK active-site inhibitor PIK93 (Fig. 3b) (Sherratt et al. 2014). The
warhead of this probe contained a PIK93 group to enable selective interaction with
active PIKs, and a UV-inducible benzophenone crosslinker to form a covalent bond
between the probe and its protein target. Using this probe, it was shown that PI4KB
activity, but not expression, is upregulated by HCV infection (Sherratt et al. 2014).
This finding illustrates the important role ABPP can play in characterising the
dysregulation of host factors by viruses.

As the increase in PI4KB activity did not correlate with increased protein
expression, activity was hypothesised to be regulated post-translationally. PI4KB
activity is known to be regulated by stable protein–protein interactions which
recruit PI4KB to membranes and stabilise an activating phosphorylation at Ser294
(Hausser et al. 2005, 2006; Balla 2013). To investigate the role of these interactions
in the post-translational regulation of PI4KB activity, Desrochers et al. synthesised
new PIKBPyne probes containing flexible linkers of varying length between the
targeting PIK93 moiety and the crosslinking benzophenone (Desrochers et al.
2018). These flexible-linker PIKBPyne probes were shown to be able to label
proteins interacting with active PI4KB. Labelling with PIKBPyne demonstrated an
HCV-induced decrease in the interaction between PI4KB and the Golgi-resident
protein ACBD3 (Desrochers et al. 2018). It had previously been reported that HCV
induced a change in the localisation of PI4KB from the Golgi towards sites of viral
replication (Zhang et al. 2012). This finding suggests that the upregulation of PI4P
levels in the membranous web during HCV replication may occur partially through
the disruption PI4KB–ACBD3 interaction, allowing the relocalisation of PI4KB.

3.3 Role of Cholesterol

The double-membrane vesicles of the HCV replication sites have been shown to
contain elevated levels of cholesterol (Neufeldt et al. 2018). Activity-based probes
have been applied to characterise the processes by which cholesterol metabolism is
hijacked during HCV replication.

Fluorophosphonate-based probes were used to profile serine hydrolase activity
during HCV replication, in order to identify enzymes differentially regulated by the
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virus (Blais et al. 2010a, b). Carboxylesterase 1 (CES1), a liver-abundant serine
hydrolase which displays cholesteryl ester hydrolase activity, was identified as a
target of activity-based labelling by both fluorophosphonate-based and
peptide-based probes containing either a serine or a threonine moiety (Ross et al.
2010; Blais et al. 2010a, b). CES1 activity has been shown to play a role in
decreasing the levels of intracellular cholesteryl ester, as well as the secretion of
intracellular triglycerides by the VLDL pathway (Zhao et al. 2007; Ross et al.
2010). It has furthermore been demonstrated that CES1 activity is not always
correlated to its expression, suggesting that the regulation of CES1 function relies
on post-translational modifications and interactions (Ross et al. 2010).
Activity-based labelling is therefore ideally suited for interrogating the function of
CES1. Both fluorophosphonate and the peptide-based probes demonstrated sig-
nificantly increased activity during HCV replication, suggesting that CES1 is
activated as part of the host cell’s antiviral strategy to counteract the virally induced
increases in cholesterol and triglycerides (Blais et al. 2010a, b).

b-lactam warhead probes, described above, have also been used to investigate
cholesterol metabolic enzymes. These probes have been shown to label
hydroxymethylglutaryl-CoA synthase 1 (HMGCS1), an enzyme which catalyses an
early step in cholesterol synthesis (Mazein et al. 2013; Nasheri et al. 2014).
Labelling with the b-lactam probe showed an increases HMGCS1 activity during
HCV replication, suggesting that differential activation of this enzyme is a mech-
anism by which HCV induces the formation of a favourable replication environ-
ment (Nasheri et al. 2014). This finding provided further confirmation of the
suggested role of HMGCS1 in HCV infection (Kapadia and Chisari 2005).

Many of the changes in the activity of lipid metabolic enzymes are the result of
alterations to their post-translational mechanisms which regulate them. Changes to
the activity of signalling pathways which control this post-translational regulation
are therefore of great interest. Many signalling pathways rely on kinase activity, and
profiling kinase activity therefore has the potential to provide information on the
regulation of multiple cell systems and pathways. The probe wortmannin-yne,
based on the irreversible kinase inhibitor wortmannin, was designed to be able to
broadly profile kinase activity (Desrochers et al. 2015). Comparison of labelling by
wortmannin-yne in cells replicating HCV and in naïve cells identified multiple
regulatory kinases whose catalytic activity was altered by HCV. Kinases in the
MAPK pathway, in particular, displayed significant decreases (Desrochers et al.
2015). This study confirmed previous reports of HCV-mediated decreases in
MAPK signalling and demonstrates how ABPs can be used to profile kinase
activity.

This section has described ABPs which target lipid metabolic enzymes and how
they have been used to profile changes to the regulation of lipids during viral
infection. Hijacking of lipid homeostasis is a major contributor to the diversion of
metabolic energy during infection. However, other metabolic pathways are also
perturbed during infection: glycolysis in particular is targeted by multiple diverse
viruses, including HCV, influenza A virus, and several herpesviruses, though the
mechanisms by which glycolysis is mis-regulated are not fully understood
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(Goodwin et al. 2015). The development of novel probes targeting glucose meta-
bolic enzymes represents an opportunity to increase our understanding of metabolic
flux during viral infection.

4 Programmed Cell Death

A fundamental aspect of the innate immune response to infection lies in the acti-
vation of apoptotic and cell death pathways upon viral invasion of the cell in order
to restrict the spread of infection throughout the host (Barber 2001). Commercial
peptide-based probes, FLICATM, have been established as chemical-based tools to
study apoptosis (Furman et al. 2009). These probes are designed to report on the
activity of caspaces, enzymes essential to the progression of apoptosis (Furman
et al. 2009). Using these probes, Furman et al. determined that norovirus infection
induces apoptosis, as demonstrated by the significant increase in caspace activity.
Mass spectrometry analysis of enzymes labelled by these probes revealed that they
are equally capable of reporting on the activity of the cysteine protease cathepsin B.
It was shown that cathepsin B is activated during norovirus infection and acts as an
upstream activator of the apoptotic pathway (Furman et al. 2009).

Cathepsin D is a lysosomal aspartic peptidase which has also been shown to
induce apoptosis (Benes et al. 2008). Using a peptide-based probe containing a
phenylalanine targeting group, Blais et al. demonstrated that HCV significantly
down-regulates the activity of cathepsin D, suggesting that HCV decreases
cathepsin D activity in order to avoid apoptosis of infected cells (Blais et al. 2010a).
Activation of anti-apoptotic genes was also demonstrated during infection of
Dengue virus, a close relative of HCV. Novel ATP-based probes containing acyl
phosphate warheads were used to profile the activity of kinases during Dengue
infection (Vetter et al. 2012). The activity of DNA-dependant protein kinase
(DNA-PK), an anti-apoptotic enzyme which recognises and repairs DNA
double-stranded breaks, was shown to be significantly upregulated by Dengue
infection (Vetter et al. 2012). Altogether, ABPP has shown that both HCV and
Dengue virus act to counteract the activation of the apoptotic pathway.

5 Viral Evasion of the Immune Response

Cathepsins also play a role in regulating inflammation and the recruitment of the
adaptive immune response during infection. Cathepsin G, for example, has been
shown to participate in the degradation of proteins for presentation by the major
histocompatibility complex (Burster et al. 2010). It has additionally been shown to
negatively regulate STAT5 transcriptional activation (Schuster et al. 2007), as well
as inflammation (Burster et al. 2010). Zou et al. reported a novel peptide-based
probe, Mars116, specific for cathepsin G (Zou et al. 2012). Labelling of cathepsin G
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by Mars116 was significantly decreased 12 days after Epstein–Barr virus
(EBV) infection (Zou et al. 2012). Labelling of four other cathepsins, cathepsins
X, B and S, by DAP22c also showed a significant decrease during EBV infection.
This decrease in the activities of immune-linked cathepsins is suggestive of an
immune escape strategy by EBV (Zou et al. 2012).

5.1 Viral Alterations to Proteasome Activity

The proteasome is a multi-subunit structure responsible for the degradation of
damaged or excess proteins within the cell and plays an essential role in protein
quality control, cell signalling, immune responses and apoptosis (Kammerl and
Meiners 2016). A specialised form of the proteasome, the immunoproteasome,
consists of many of the same regulatory subunits in addition to three variant cat-
alytic subunits found only in the immunoproteasome (Ferrington and Gregerson
2012). This specialised form of the proteasome plays a role in directing the activity
of the adaptive immune system. It is induced during infection and generates pep-
tides with a hydrophobic C-terminus for cell-surface display in MHC class I
molecules. CD8 T cells surveil these peptides and propagate an immune response
upon recognition of foreign material (Ferrington and Gregerson 2012). The exis-
tence of mixed proteasomes, containing both the constitutively expressed and
immunoproteasome subunits, has also been demonstrated, indicating that both
categories of catalytic subunits could be implicated in immune response (Kammerl
and Meiners 2016).

The catalytically active proteasomal subunits, though not serine hydrolases,
containing a nucleophilic threonine as the catalytic residue (Marques et al. 2009;
Nasheri et al. 2015), have been shown to be labelled by the activity-based probe
fluorophosphonate (Fig. 3a) (Shahiduzzaman et al. 2014). Using a
fluorophosphonate-based probe, Shahiduzzaman et al. have shown that the activity
of several proteasomal subunits, PSMA2, PSMA3, PSMA6, PSMB3, increased
during influenza A infection, possibly due to increases in immunoproteasome acti-
vation (Shahiduzzaman et al. 2014). Though fluorophosphate was able to interrogate
the activity of a few proteasomal subunits, several other subunits were not detected.

Probes able to specifically and quantitatively assess the activities of all the
possible catalytic subunits of the proteasome have been developed by various
groups over the past decade. The first to be developed, MV151, is a
peptide-mimetic probe conjugated to a BODIPY fluorophore, and labels all
catalytically active proteasome subunits (Verdoes et al. 2006). Other more specific
probes were later developed: LW124, a probe specific for the b1 subunit and
LMP2, its immunoproteasome analogue, and MVB127, a probe specific for b5 and
its analogue LMP7 (Fig. 3c) (Li et al. 2013; Keller et al. 2015).

These probes were applied by Keller et al. to investigate perturbation to the
proteasome system during viral infection. Proteasome activity was shown to be
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increased during murine gamma-herpes virus infection using the general-use
MV151 probe. LW124 and MVB127 were used to assess the changes to catalytic
activity of the proteasomal subunits versus the activity of their immunoproteasomal
analogues during infection. The identity of the labelled subunits was determined
based on their reactivity and their molecular weight, as determined by in-gel
fluorescent imaging. It was demonstrated that while the activity of the proteasomal
subunits remained relatively unchanged, the activity of the immunoproteasome
subunits increased significantly during the early stages of infection, before
decreasing as the infection progressed (Keller et al. 2015). While these probes had
been previously demonstrated to be specific proteasome probes (Verdoes et al.
2006; Li et al. 2013), Keller et al. were the first to demonstrate how they can be
used to specifically assess regulatory changes to the activity of the immunopro-
teasome in the context of viral infection (Keller et al. 2015).

These increases in proteasome activity represent the part of the host’s response
to viral infection wherein proteasomal degradation of proteins is increased in order
to generate antigenic peptides for the recruitment of the adaptive immune response.
Viral targeting of proteasomal activity could therefore be a potential immune
evasion strategy. Recently, Nasheri et al. used a b-lactone-based activity-based
probe, orlistat-alkyne, to label active proteasome subunits and thereby interrogate
proteasome activity during hepatitis C virus infection (Nasheri et al. 2015). It was
shown that the activity of multiple members of the proteasome system displayed
decreased activity in HCV infected cells. PSMB5, which displays broad specificity
and chymotrypsin-like hydrolase activity (Marques et al. 2009), PSMC6, an
ATPase which regulates proteasome activity (Coux et al. 1996), and two
immunoproteasomal subunits, PSME1, and PSME2 (de Graaf et al. 2011) were
down-regulated between 40 and 80% (Nasheri et al. 2015). Interestingly, changes to
protein expression did not match the observed changes in enzymatic activity
(Nasheri et al. 2015). Altogether, this suggests that HCV targets proteasomal
degradation by altering both protein expression and post-translational regulation as
part of its efforts to evade the immune response. Furthermore, this study highlights
the advantages of activity-based protein profiling in addition to traditional pro-
teomics to study virally induced perturbation of host cell systems.

5.2 NFjB Signalling During Herpesvirus Infection

Nuclear factor kappa B (NFjB) is a transcription factor, activated during viral
infection, which induces the expression of genes involved in the innate immune
response (Oeckinghaus and Ghosh 2009). The signalling cascade which is
responsible for the activation of NFjB during infection relies in great part on the
ubiquitination of key signal transducers (Wertz and Dixit 2010). The
auto-ubiquitination of the ubiquitin ligase TRAF6 promotes the activity of the
TAK1 kinase (Wertz and Dixit 2010). The IjB kinase (IKK) complex is then
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activated via TAK1-mediated phosphorylation and TRAF6-mediated ubiquitination
(Wertz and Dixit 2010; van Gent et al. 2014). IKK phosphorylation of IjB results
in its ubiquitination and subsequent degradation (Oeckinghaus and Ghosh 2009).
NFjB is sequestered in the cytoplasm by IjB; upon its degradation, NFjB
translocates to the nucleus and induces the expression of antiviral,
pro-inflammatory and pro-apoptotic genes (Oeckinghaus and Ghosh 2009).

The activity of enzymes responsible for the regulation of ubiquitination is
therefore of interest when investigating host–virus interactions due to the impor-
tance of ubiquitination to the immune response to infection. Deubiquitinating
enzymes (DUBs) are enzymes responsible for removing ubiquitin from ubiquiti-
nated proteins. As they are cysteine proteases, they are excellent candidates for
suicide-based activity probes (Borodovsky et al. 2002).

HAUb probes are based on modified ubiquitin proteins, and mimic the natural
substrate of DUBs, allowing them to specifically target DUBs. Ubiquitin is
recombinantly expressed with the haemagglutinin tag HA, which functions as a
reporter of enzymes labelling. A thiol-reactive group functioning as the warhead is
subsequently added to the C-terminus via intein-based chemical ligation. Several
variants were produced, containing several different warheads: chloroethylamine
(Cl), bromoethylamine (Br2), bromopropylamine (Br3), glycine vinylmethylsulfone
(VS), glycine vinyl methylester (VME), glycine vinyl phenylsulfone (VSPh), and
glycine vinylcyanide (VCN) (Borodovsky et al. 2002). Immunoblotting and MS/
MS profiling of labelled DUBs demonstrated a slight but significant difference in
the labelling patterns of the HAUb probes (Borodovsky et al. 2002; Ovaa et al.
2004). The probe containing a vinyl methylester warhead (HAUb-VME, Fig. 3d)
displayed the broadest labelling capacity and was used in most subsequent studies
(Borodovsky et al. 2002; Ovaa et al. 2004).

After developing these probes, Ovaa et al. applied them to interrogate the
activity of host cell deubiquitinating proteins during infection by the herpesvirus
Epstein–Barr virus (EBV) (Ovaa et al. 2004). Herpesviruses are large
double-stranded DNA viruses and have been shown to modulate the immune
response via multiple different mechanisms (Cruz-Muñoz and Fuentes-Pananá
2017). Using the HAUb-VME probe, Ovaa et al. labelled active host cell deubiq-
uitinating enzymes and identified multiple DUBs whose activity was increased
during infection: UCH-L3, USP-15, UCH-L1, UCH37, USP7 and USP9X. Several
of these enzymes have been shown to regulate the NFjB pathway. USP15 nega-
tively regulates NFjB activation by deubiquitinating IjB (Harhaj and Dixit 2011),
while USP7 decreases NFkB signalling by deubiquitinating TRAF6 and IKK
(Nanduri et al. 2013). On the contrary, USP37 has been shown to be required for
IjB-a degradation and therefore NFkB activity (Mazumdar et al. 2010). Altogether,
Ovaa et al. demonstrated that the herpesvirus EBV differentially regulates DUBs
implicated in the regulation of the innate immune response, suggesting that this
may be a pro-viral immune evasion mechanism.
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5.3 Virally Encoded Deubiquitinases

Kattenhorn et al. applied the HAUb-VME probes designed by Borodovsky et al. to
study the perturbation of ubiquitination-regulating enzymes during infection of
Herpes simplex virus 1 (HHV-1), a herpesvirus related to EBV. MS/MS analysis of
labelled proteins identified an enzyme which did not correspond to any known
DUB, and whose sequence was found to correspond to a viral protein with
unknown function, the large tegument protein deneddylase (UL36) (Kattenhorn
et al. 2005).

Perturbation of host cell processes by viruses is usually indirect as the limited
size of viral genomes means the virus cannot itself encode the functionalities it
requires. Herpesviruses, however, are large, double-stranded DNA viruses and
possess larger and more complex genomes than the simpler RNA viruses discussed
elsewhere in this chapter. HHV-1, for example, encodes approximately 80 proteins
(Macdonald et al. 2012).

UL36 does not share significant sequence homology with any other DUB
known at the time (Kattenhorn et al. 2005); tradition bioinformatics could therefore
not have predicted its function. This discovery highlights one of the unique
advantages of activity-based protein profiling: it reports directly on the functional
output of enzymes and allows the identification of novel targets. UL36 has recently
been shown to deubiquitinate IjBa, preventing its degradation and promoting the
sequestration of NFjB outside of the nucleus and thereby interfering with the
activation of the innate immune response (Ye et al. 2017).

Following this discovery, several research groups postulated the existence of
homologous deubiquitinating enzymes in closely related viruses whose function
had remained undiscovered due to their lack of homology to previously charac-
terised DUBs. Having been established as an effective probe of herpesvirus deu-
biquitinating enzymes, HAUb-VME was used to interrogate the activity of viral
proteins from several different viruses.

Schlieker et al. identified an Epstein–Barr virus protein, BPLF1, and a murine
cytomegalovirus protein (MCMV), M48, which possessed significant sequence
homology to the HHV-1 UL36 (Schlieker et al. 2005). They subsequently
demonstrated that both BPLF1 and M48 were labelled by the HAUb-VME probe,
indicating that these proteins were enzymes which targeted and hydrolysed ubiq-
uitinated proteins (Schlieker et al. 2005). It was later shown that BPFL1 acts
similarly to HHV-1’s UL36, inhibiting the activation of NFjB by catalysing the
removal of ubiquitin from the sequestering protein IjBa (van Gent et al. 2014). It
has furthermore been demonstrated that BPLF1 exerts additional control over the
NFjB pathway, deubiquitinating both TRAF6 and subunits of IKK, and thereby
inhibiting the propagation of TLR signalling and the resultant activation of NFjB
(Saito et al. 2013; van Gent et al. 2014). Taken together, this demonstrates that
EBV uses the virally encoded DUB functions to inhibit the activation of the
antiviral innate immune response.
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Another herpesvirus, human cytomegalovirus (HCMV), has also been shown to
encode a deubiquitinating enzyme (Wang et al. 2006). HAUb-VME labelled a high
molecular weight enzyme, pUL48, whose role in infection had previously been
unknown. In the absence of pUL48 deubiquitinating activity, virion production was
significantly inhibited, though not entirely blocked, indicating that pUL48 deu-
biquitinating activity contributes to, but is not required for, virion production.
HAUb-VME has also been used to identify similar deubiquitinating proteins in
murine gamma herpesvirus 68 (MHV-68) and Marek’s disease virus
(MDV) (Gredmark et al. 2007; Jarosinski et al. 2007).

Assigning novel functionalities is one of the more well-known uses of ABPP,
and an essential primary step in characterising poorly understood enzymes which
opens up further avenues of investigation. Contextualisation of the reactivity of an
enzyme enables the determination of its specific targets. The ubiquitin chains tar-
geted by the DUBs discussed in this section are linked to each other by one of the
seven different linkage sub-types, corresponding to the location of the lysine residue
to which the next ubiquitin is bound: Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and
Lys63. New diUb-VME probes were developed containing two ubiquitin moieties
conjugated by one of the seven possible linkage types, thereby allowing the
determination of DUB’s linkage specificity (Mulder et al. 2014). These probes were
used to interrogate the substrate specificity of the SARS coronavirus papain-like
protease (PLPro), a deubiquitinating enzyme, thought to play a role in innate
immune evasion (Békés et al. 2016). The structural basis of PLPro’s specificity was
determined by co-crystalising it in conjunction with a diUb-VME probe.
Co-crystalisation of enzymes with their substrates is often challenging, as the
enzyme will catalyse the substrate and release the products. Using a
substrate-mimetic ABP ensures that it is retained within the active site, preserving
the interactions which give rise to specificity as well as the active conformation of
the enzyme. This showed that PLpro interacts with the two ubiquitin moieties, but
has few interactions with the interface between the two (Békés et al. 2016). This
suggests that specificity originates from the orientation of the ubiquitin proteins in
the S1 and S2 pockets, and not from recognition of the linkage itself. Screening
with a panel of Ub-VME probes containing mono-Ub or di-Ub and possessing
different linkage types demonstrated that PLpro possessed a similarly low labelling
efficiency for mono-Ub and most di-Ub probes (Békés et al. 2016). This lends
further support to the idea that interactions with a properly oriented S2 ubiquitin
stabilise the enzyme-substrate complex and contribute to the specificity of SARS
PLpro.

6 Viral Assembly and Egress

The last stage of the viral life cycle consists of the assembly of the viral particle and
its release into the extracellular space. The majority of the contributions made by
ABPP towards the understanding of virus infection have focused on viral entry and
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replication. In some cases, this has been due to limitations in cell culture models of
infection: these models could replicate the genome but were unable to efficiently
assemble infectious particles (Lohmann and Bartenschlager 2014). As viral
assembly and egress do rely on host factors to translocate to the plasma membrane
and exit the cell, profiling enzymatic activity during these processes is of significant
interest.

Hijacking of cellular trafficking plays a significant role in the packaging and
secretion of viruses. The COPI system is essential for correct localisation of IAV
particles, while HCV utilises the COPII system to travel from the ER to the Golgi,
at which point it can be trafficked through the VLDL secretory pathway (Pohl et al.
2016; Syed et al. 2017). These systems are regulated in part by Rab GTPases, host
cell enzymes which play an important role in trafficking throughout the cell
(Hutagalung and Novick 2011) and which have been implicated in the egress of
multiple viruses (Hogue et al. 2014; Pohl et al. 2016; Takacs et al. 2017). Rab11
has been shown to be essential for the trafficking of IAV RNA from the perinuclear
region to the plasma membrane (Pohl et al. 2016). Another Rab protein, Rab1, has
been proposed to mediate transport of nascent HCV virions from the ER to the
Golgi (Takacs et al. 2017). Rab proteins have also been shown to play a role in
DNA virus egress in the case of herpesviruses (Hogue et al. 2014). Altogether, this
suggests that Rab GTPase activity could be an interesting target for activity-based
profiling during viral infection.

IAV budding has been shown to involve the activity of a class of ATPases, the
mitochondrial F1FO-ATPases. These enzymes localise to the plasma membrane
and are necessary for efficient budding of new virions, though the precise nature of
their contribution has yet to be fully understood (Pohl et al. 2016). ATP-based
probes have previously been used to profile host enzyme activity during Dengue
infection (Vetter et al. 2012) and applying them to profile the changes in activity of
various ATPases during IAV infection could yield new information with regards to
how enzymes are recruited and utilised during viral egress.

Lipid regulatory systems, which play an important role in earlier stages of viral
life cycles, continue to play an important role in viral egress. HCV provides a good
example of this, as its egress relies on the very-low-density-lipoparticle (VLDL)
secretory pathway to release the mature virus particle into the bloodstream
(Neufeldt et al. 2018). Certain VLDL-associated enzymes, such as the
triglyceride-recruiting enzyme ABHD5 or the phospholipid synthesis enzyme
LPCAT1, have been identified as pro- or antiviral HCV host factors. However, the
interactions between these enzymes and HCV are not fully understood (Vieyres
et al. 2016; Beilstein et al. 2017). Profiling enzymes which regulate this pathway
could therefore reveal novel information clarifying how it is hijacked by HCV.
Even viruses such as influenza, which do not rely on a lipid secretory pathway, still
alter the cell’s lipid profile in order to exit into the bloodstream (Pohl et al. 2016).
Influenza virus egress occurs by budding from the plasma membrane, a process
requiring an altered membrane lipid composition (Pohl et al. 2016). Profiling
changes to lipid regulatory networks during the assembly and egress of virions
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could therefore yield new information and improve our understanding of host–virus
interactions during late stages of infection.

In general, activity-based profiling on these later stages of viral infection has the
potential to yield novel host factors requirements for productive infections.
Targeting the secretion of new virions could play an important role within com-
binatorial antiviral strategies to limit the spread of viral infections.

7 Selective Labelling of Individual Viral Enzymes

Selective labelling of viral enzymes enables the measurement of their activity
within a complex proteome. While viral enzymes can be labelled by broadly
reactive probes such as fluorophosphonate or HAUb-VME, as discussed in the
preceding sections, it can be difficult to detect them amongst the more numerous
host cell enzymes which are labelled simultaneously (Blais et al. 2010a). For this
reason, specific and selective probes have been developed against multiple viral
enzymes.

The infectious particle of the influenza A virus (IAV), the most common cause
of the flu, incorporates two viral enzymes on its surface, haemagglutinin (HA) and
neuraminidase (NA) (Wohlbold and Krammer 2014). NA is known to play many
roles; the most well-established being its sialidase activity which cleaves sialic acid
from the nascent virions following virion secretion (Wohlbold and Krammer 2014).
NA enzymatic activity has also been suggested to play a role in viral entry, though
the mechanism by which this could occur has not been well established (Su et al.
2009; Wohlbold and Krammer 2014). The NA active site is highly conserved
between strains of IAV strains, making NA an attractive target for chemical probes
as well as therapeutic drugs (Wohlbold and Krammer 2014).

In 2005, Lu et al. reported the synthesis of a mechanism-based neuraminidase
probe, consisting of a sialic acid targeting moiety and an ortho-difluoromethyl
phenyl warhead attached to a biotin reporter tag (Lu et al. 2005). They demon-
strated that this probe was able to specifically label neuraminidases and could be
used to detect neuraminidase activity. Of particular interest in this study was a
demonstration of a more uncommon application of activity-based probes for
isolation of viral particles. Immobilised probe bound to NA enzymes present on the
particle surface, thereby enabling the isolation of the entire virion (Lu et al. 2005).
While this probe was able a covalently label IAV NA, there were several limita-
tions. Its large size and multiple rings necessitated millimolar concentrations to
label even purified protein. The probe was also unable to penetrate cell membranes,
which precluded the application of this probe in complex systems. Lastly, though
the sialic acid did convey some selectivity, the difluoromethyl phenyl warhead
nevertheless reacted non-specifically with multiple targets in a complex environ-
ment (Tsai et al. 2013).

A more streamlined probe was reported by Tsai et al. Instead of the inclusion of
a separate warhead group in addition to the sialic acid moiety, the sialic acid sugar
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was modified to include fluorine at C2 and C3, displacing a hydroxyl group and a
hydrogen, respectively. The electron-withdrawing property of the fluorines trans-
forms the probe into an irreversible mechanism-based inhibitor. Two probes were
made: DFSA and an ester-protected probe, PDFSA, both containing the sialic acid
warhead and an alkyne handle (Fig. 3e) (Tsai et al. 2013). PDFSA is able to label
NA in situ at micromolar concentrations, allowing imaging of sub-cellular locali-
sation of the viral enzyme during infection (Tsai et al. 2013). PDFSA was able to
label wild-type NA as well as mutant NA resistant to active-site antivirals, indi-
cating that this probe could be applied to screen for the presence of drug-resistant
strains by competitive ABPP (Tsai et al. 2013).

The Zika virus has recently been the subject of international attention following
the South American outbreak which caused a dramatic increase in the rates of
microencephaly in newborn infants (Lei et al. 2016). The Zika virus, like most
positive-strand RNA viruses, encodes a serine protease, NS3, which cleaves the
precursor polyprotein into the mature viral proteins. As activity of the NS3 protease
is essential to the establishment of a productive infection, the development of tools
capable of characterising its activity and regulation is of great interest.

Proteases are capable of displaying high selectivity for the specific amino acid
sequences they cleave. While it is possible to design activity-based probes based on
these sequences, these probes risk lacking specificity to individual proteases due to
the overlapping substrate specificity of closely related enzymes. Recently, this
problem was addressed by using unnatural amino acids to expand the chemical
space of their peptides’ building blocks. The Hybrid Combinatorial Substrate
Library (HyCoSuL) uses 102 unnatural amino acids in addition to the twenty
canonical ones to build optimal substrates containing a variable 4-amino acid
sequence targeting the S1–S4 pockets of the protease active site (Kasperkiewicz
et al. 2014). To allow specific activity-based labelling, a fluorogenic coumarin and a
diphenyl phosphate warhead are added (Kasperkiewicz et al. 2014). This library has
previously been used to design probes targeting human proteases (Kasperkiewicz
et al. 2015; Poreba et al. 2016, 2018). Recently, the HyCoSuL methodology was
applied to design a probe, WRPK3, which rapidly labels Zika’s NS3 protease at low
nanomolar concentrations (Fig. 3f) (Rut et al. 2017). This probe has the potential to
be applied to interrogate NS3 activity during Zika infection. These studies
demonstrate a useful application of unnatural amino acids which has the potential to
be used to design activity-based probes against other viral proteases.

8 Future Objectives

The majority of the activity-based profiling reported in this chapter was performed
either in vitro on proteomes isolated from animal models or cultured cells, or in situ
on live cell monocultures. While this has been able to provide information on
targets of viral mediation of host cell systems, the physiological relevance of this
information has been subject to some doubt. Cell lysis and protein isolation
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procedures used in in vitro labelling have the potential to destroy enzyme-cofactor
interactions which may result in loss of information about the enzyme’s true activity
in vivo. Labelling cells in situ preserves the regulation of catalytic activity present
in living cells; however, they do not always accurately represent the effects of
infection on a live organism. As such, the development of probes which could be
administered in vivo would provide the opportunity of characterise changes to
enzyme activity in a more complex and physiologically relevant manner.

9 Conclusions

Over the past decade, activity-based protein profiling has proven to be a useful
chemical proteomics tool for the interrogation of the role enzymes play in viral
infection, providing information not otherwise accessible by traditional genomic
and proteomic methods. ABPP has been used to quantify enzymatic activity, detect
changes in the localisation of active enzymes, identify protein–protein interactions
regulating activity and assign novel functionalities to proteins playing important
roles in viral infection. When considered as a part of a larger body of research, they
have greatly contributed to our understanding of viral infection and host response.
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Abstract Parasites exist within most ecological niches, often transitioning through
biologically and chemically complex host environments over the course of their
parasitic life cycles. While the development of technologies for genetic engineering
has revolutionised the field of functional genomics, parasites have historically been
less amenable to such modification. In light of this, parasitologists have often been
at the forefront of adopting new small-molecule technologies, repurposing drugs
into biological tools and probes. Over the last decade, activity-based protein pro-
filing (ABPP) has evolved into a powerful and versatile chemical proteomic plat-
form for characterising the function of enzymes. Central to ABPP is the use of
activity-based probes (ABPs), which covalently modify the active sites of enzyme
classes ranging from serine hydrolases to glycosidases. The application of ABPP to
cellular systems has contributed vastly to our knowledge on the fundamental
biology of a diverse range of organisms and has facilitated the identification
of potential drug targets in many pathogens. In this chapter, we provide a
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comprehensive review on the different forms of ABPP that have been successfully
applied to parasite systems, and highlight key biological insights that have been
enabled through their application.

1 Background

Parasites comprise a large biologically diverse group of eukaryotes that exploit the
resources of a host organism to facilitate their own survival and propagation.
Broadly, parasites can be taxonomically described as being either microparasitic
unicellular protozoa (Kingdom: Protista), or complex macroparasitic multicellular
helminths and ectoparasites [Animalia; (Simner 2017)]. The life cycles of these
parasites display remarkable diversity in form and complexity, infecting different
host species with a range of host-pathogen interactions, transmission routes and
tissue tropism. For instance, while some species exhibit strong preference for
specific host cell types, others are more generalist, or exist extracellularly (Fig. 1)
(McCall et al. 2016).

Human parasitic infections are a leading cause of morbidity and mortality
worldwide. Correspondingly, they represent a major global health and economic
burden. In the latest ‘Global Burden of Disease’ study, parasite-related diseases were
estimated to account for over 800,000 deaths in 2016, with most being attributed to
protozoan infections (G. B. D. Causes of Death Collaborators 2017). By far the most
prevalent of these protozoan infections are those caused by members of the phylum
Apicomplexa, such as Plasmodium spp. and Toxoplasma gondii. Plasmodium par-
asites are responsible for malaria, a devastating mosquito-borne disease that
threatens around half of the global population (3.2 billion) (World Health
Organization 2017). In 2016, 446,000 malaria-related deaths in 91 countries were
reported by the World Health Organisation (WHO), with sub-Saharan Africa car-
rying 90% of the burden (World Health Organization 2017). Regarded as the most
successful parasite on the planet, T. gondii has the capacity to infect any vertebrate
host, and seroprevalence studies indicate that up to 50% of the human population

GeneralistSpecialist Extracellular Tissue-infective

Plasmodium Toxoplasma T. brucei Filarial nematodes

Fig. 1 Major types of infection exhibited by human-infective parasites. Representative parasite
species shown are known to infect distinct cell types (‘specialists’), a broad range of cell types
(‘generalists’), reside in extracellular environments (e.g. the bloodstream/lymph), or within tissues
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have been infected at some point in their lives (Flegr et al. 2014). T. gondii is the
aetiological agent of toxoplasmosis, a disease which can lead to life-threatening
encephalitis if left untreated. T. gondii is also a major veterinary pathogen respon-
sible for the annual loss of over 500,000 lambs, costing the UK sheep industry £12–
24 million (Advisory Committee on the Microbiological Safety of Food 2012).
Other medically important protozoan parasites include the trypanosomatids, a group
of flagellated parasites transmitted by insect vectors and responsible for an array of
neglected tropical diseases. Three trypanosomatids of particular concern are
Leishmania spp., Trypanosoma brucei and Trypanosoma cruzi, the respective agents
of the leishmaniases, human African trypanosomiasis (HAT) and Chagas disease.
Infections involving parasitic worms (helminths) are another major contributor to
parasite-related deaths. In fact, schistosomiasis caused by trematodes of the
Schistosoma genus ranks as the second-most-common parasitic disease and claims
up to 200,000 lives each year (World Health Organization 2017).

One of the greatest challenges in combating parasitic infection is the develop-
ment of safe and efficacious anti-parasitic drugs. While chemotherapeutics have
been effective in reducing the burden of parasite-related disease, their use has been
limited by toxicity, prolonged treatment regimens and/or the emergence of
drug-resistant strains (Monzote and Siddiq 2011). For example, resistance to the
frontline antimalarial artemisinin has been identified in Plasmodium falciparum
isolates from across Southeast Asia, compromising the efficacy of well-established
artemisinin combination therapies (Haldar et al. 2018). Additionally, drug-resistant
L. donovani strains in India have limited the effectiveness of pentavalent antimonial
compounds for the treatment of visceral leishmaniasis (Croft et al. 2006). On this
basis, there is a continuing need to investigate parasite biology and identify novel
drug targets for which new efficacious therapeutics can be developed.

While genetic engineering approaches have been powerful for dissecting the
basic biology of prokaryotic systems, eukaryotic parasites have historically been
less amenable to such modification. For instance, some species exhibit poor
transfection efficiencies, or reduced homologous recombination rates due to
AT-rich genomes (as is the case with P. falciparum; (Suarez et al. 2017). As an
alternative to genetic approaches, small-molecule-based chemical biology tech-
niques have provided significant insight into the molecular basis of many essential
parasite processes. Activity-based protein profiling (ABPP) has emerged as one
particularly versatile strategy for characterising enzyme function on a global scale
and has facilitated rapid identification of novel druggable nodes in a range of
biological systems, including parasites (Cravatt et al. 2008). Central to this
approach is the use of activity-based probes (ABPs). ABPs are small molecules
functionalised with fluorescent reporter or affinity-based tags that can be used to
profile the activity of specific enzymes classes or residues via covalent interaction
with their target(s) (Cravatt et al. 2008). This chapter aims to provide an overview
of the diverse applications of ABPP that have advanced our understanding of
parasite biology over the last 10 years. For the purpose of clarity, we will focus on a
selection of the major biological discoveries that have been made using ABPP,
rather than providing a detailed account of all available literature.
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2 Activity-Based Probes for Target Discovery in Parasites

2.1 Profiling Protease Activity

Perhaps the most widespread use of ABPP in parasites has been for the study of
proteases. Proteases are enzymes that catalyse the proteolytic processing of protein
substrates via the hydrolysis of peptide bonds (López-Otín and Bond 2008). Based
on their catalytic residues or mechanism, proteases are categorised as cysteine,
serine, threonine, aspartyl and metalloproteases. Together, they are responsible for a
diversity of molecular functions including the regulation of protein activity and
localisation, modulation of protein–protein interactions (PPIs) and generation of
new active biomolecules (López-Otín and Bond 2008). In parasites, proteases
display remarkable functional diversity in order to carry out essential processes
such as immune modulation and host cell invasion (McKerrow et al. 2006) with
much of our understanding of their contributions to these processes coming through
the application of protease-directed ABPs.

2.1.1 Cysteine Proteases

One of the first successful applications of parasite-based ABPP includes the iden-
tification and characterisation of the P. falciparum papain family of cysteine pro-
teases known as the falcipains (Greenbaum et al. 2002). In two separate studies, it
was demonstrated that treatment of intraerythrocytic P. falciparum parasites with
E-64 inhibits parasite egress from red blood cells (RBCs) and induces the
enlargement of parasite food vacuoles (Greenbaum et al. 2002; Salmon et al. 2001).
E-64 is an epoxide-containing natural product derived from fungi (Aspergillus spp.)
and a known covalent inhibitor of clan CA cysteine proteases. Given the clear
potential for cysteine proteases to be antimalarial drug targets, a series of
E-64-based ABPs were synthesised to profile the proteins associated with the egress
and enlarged food vacuole phenotypes (Chandramohanadas et al. 2009; Greenbaum
et al. 2000, 2002). Using a biotinylated E-64 derivative, DCG-04 (Fig. 2a), four
proteases were identified and found to have distinct activities in the different life
cycle stages of the parasite (Greenbaum et al. 2002). For instance, falcipain-1 was
shown to be upregulated during the invasive extracellular merozoite stage, high-
lighting a potential role for this protease in RBC invasion and/or rupture
(Greenbaum et al. 2002). To validate a role for falcipain-1 in parasite invasion,
Bogyo and colleagues used competitive ABPP of a broader epoxide-based peptide
library, identifying several falcipain-1-specific inhibitors (Greenbaum et al. 2002).
In this work, merozoite lysates were treated with the epoxides before profiling
global cysteine protease activity with a radiolabelled version of DCG-04
(125I-DCG-04; Fig. 2a). The most selective inhibitor, YA29-Eps(S, S), prevented
merozoite invasion of erythrocytes without any discernible effects on other parasite
processes, indicating that falcipain-1 activity is associated with invasion. Adopting
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a similar 125I-DCG-04 labelling approach, Eksi et al. (2004) later revealed that
falcipain-1 is also upregulated in late-stage gametocytes. Here, genetic perturbation
of falcipain-1 was shown to ablate oocyst production in the mosquito, suggesting it
also plays a role in the sexual stage of the malaria life cycle.
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Fig. 2 Representative activity-based probes (ABPs) used to interrogate the function of major
enzyme classes in parasites. ABPs have been used for the characterisation of cysteine (a–c), serine
(d), threonine (e), aspartyl (f) and metalloproteases (g) of parasites, as well as acyl-protein
thioesterases (h) and protein kinases that contain a CDXG motif (I). Specific probes are listed
under the enzyme class they target, with their associated fluorescent reporter or affinity tag(s)
bracketed
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Since its initial use in Plasmodium, DCG-04 has been broadly applied to other
parasite systems. In T. gondii, a fluorescently conjugated variant of DCG-04
(BODIPY-DCG-04) was used to show that TgCPL, a cathepsin L-like cysteine
protease required for the maturation of microneme adhesins, also acts as the mat-
urase for TgCPB (a related cathepsin B-like protease (CPB) implicated in parasite
invasion and replication) (Chaparro et al. 2018; Dou et al. 2013; Parussini et al.
2010; Que et al. 2004). In the parasitic helminth Schistosoma, CPBs are secreted
from the acetabular glands and are thought to play a central role in the invasion of
larvae by degrading structural proteins of the host skin (Dvořák et al. 2008). To
characterise any species differences in terms of the abundance or complement of
secreted proteases, Dvořák et al. (2008) used 125I-DCG-04 to compare the activity
of CPBs in the pathogenic secretomes of several Schistosoma species.
Competitive ABPP using a selective inhibitor of CPB activity revealed that CPBs
are much more abundant in the cercarial extracts of Schistosoma japonica than in
Schistosoma mansoni (Dvořák et al. 2008). Fluorogenic peptide cleavage assays
later demonstrated that the CPB activity in the secretions of S. japonica is 40-fold
greater than S. mansoni (Dvořák et al. 2008). By contrast, serine proteases, which
are also associated with schistosomal invasion, were found to be the most abundant
protease class in the secretome of S. mansoni yet were absent in S. japoncium.
These findings suggested that significant differences can be found in the secreted
protease repertoire of schistosomes and provided insight into the different virulence
profiles of these species. For instance, the high potency of CPBs to degrade col-
lagen was proposed as an explanation for why S. japonicum larvae traverse the host
dermis and epidermis at significantly higher rates than S. mansoni larvae (He et al.
2005). DCG-04 labelling was also used to identify ‘cruzain’ as the major active
cysteine protease in the insect-form epimastigotes of T. cruzi (Doyle et al. 2011).
Subsequent genetic knockout experiments demonstrated that cruzain inhibits the
activation of infected macrophages by interrupting signalling pathways relying on
NF-jB P65, demonstrating a previously unknown role for this protease in immune
evasion (Doyle et al. 2011). This probe has been applied to Cryptosporidium
parvum, the apicomplexan responsible for cryptosporidiosis, which further
emphasises the broad utility of DCG-04 in less tractable parasite systems.
C. parvum expresses a cysteine protease called cryptopain-1, which is essential for
parasites survival in vivo. Through competitive inhibition studies with
125I-DCG-04, the clan CA cysteine inhibitor K11777 was shown to both inhibit
recombinant cryptopain-1 in vitro, and cryptopain-1 activity with negligible toxicity
in vivo, highlighting cysteine protease inhibitors as potential anti-cryptosporidials
(Ndao et al. 2013).

Peptide-based probes bearing vinyl sulfone (VS) reactive groups have also been
valuable in delineating the function of parasite papain-family cysteine proteases. In
a phenotypic screen using a series of known cysteine protease inhibitors, Teo et al.
(2007) identified morpholinourea-leucyl-homophenolalaninyl-phenyl-vinylsulfone
(LHVS) as an inhibitor of T. gondii host cell invasion, with a half-maximal inhi-
bitory concentration (IC50) of 10 µM. Subsequent biochemical and cell-based
studies revealed that LHVS specifically impedes parasite attachment and gliding
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motility by blocking the secretion of adhesion proteins from specialised apical
organelles known as micronemes (Teo et al. 2007). To identify the proteases tar-
geted by LHVS and associated with this phenotype, Carruthers and colleagues
performed competitive ABPP using a fluorescently tagged inhibitor derivative
(BODIPY-LHVS; Fig. 2b). This study revealed a cathepsin P-like protease
(TgCPL) as the principle target of LHVS (Larson et al. 2009). Fluorescence
microscopy of BODIPY-LHVS labelling in live extracellular parasites later showed
that TgCPL localises to two discrete structures at the apical end of T. gondii. While
this pointed to a possible role in the proteolytic maturation of invasion-associated
microneme proteins, the molecular function of TgCPL remains unclear.
Nevertheless, recent pharmacological studies have highlighted TgCPL as a
promising therapeutic target in chicken embryo models of acute toxoplasmosis
(Chaparro et al. 2018). In similar studies, McKerrow and colleagues used a
radioactively iodinated derivative of LHVS (125I-LHVS-PhOH; Fig. 2b) to profile
the activity of cysteine proteases in T. brucei bloodstream form parasites (Caffrey
et al. 2001). Here, 125I-LHVS-PhOH labelling of cell lysates identified brucipain (a
cathepsin L-like protease) as an abundant protease in this life cycle stage, which
was confirmed through competitive inhibition with two known trypanosomal cys-
teine protease inhibitors, Z-Phe-Ala-CHN2 and N-Me-pip-Phe-homoPhe-VSPh.
Follow-up genetic studies using RNA interference (RNAi) subsequently validated
brucipain as an essential secreted virulence factor required for T. brucei traversal of
the host blood-brain barrier (Abdulla et al. 2008; Nikolskaia et al. 2006).

In P. falciparum, an alternative VS-based probe, FY01 (Fig. 2c), was developed
and used alongside DCG-04 to characterise a group of CPL proteases known as the
dipeptidyl peptidases (DPAPs) (Arastu-Kapur et al. 2008). In this study, Bogyo and
colleagues employed competitive ABPP to identify selective inhibitors against
DPAP1 and 3, two variants predominantly expressed in the intraerythrocytic
merozoite stage. While DPAP1 had previously been associated with the degradation
of host haemoglobin in the parasite food vacuole, the precise function of DPAP3
remained unknown. Compared to the broad-spectrum cysteine protease probe
DCG-04, FY01 was determined to have high selectivity for DPAP3, as visualised
by in-gel fluorescence following labelling with BODIPY TMR-conjugated FY01.
Here, selective labelling of DPAP3 was confirmed by mass spectrometry
(MS) following affinity purification of proteins with a biotinylated version of FY01.
Owing to its inability to efficiently label DPAP3, DCG-04 could be used to assess
the specificity of inhibitors against DPAP1. Using competitive ABPP to screen a
library of small-molecule irreversible protease inhibitors, vinyl sulfones SAK1 and
SAK2 were identified as specific inhibitors of DPAP3 and DPAP1, respectively. In
an elegant series of small-molecule inhibition assays, it was demonstrated that
DPAP3, but not DPAP1, is required for the rupture of late-stage schizonts during
egress, highlighting a novel role for this protease in the asexual phase of the malaria
life cycle.
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2.1.2 Serine Proteases

Another important class of parasite-derived protease that has been well charac-
terised using ABPP are the serine proteases. Belonging to the serine hydrolase
family, such proteases depend on a conserved nucleophilic serine residue positioned
within the active site to attack the carbonyl group of an amide bond, forming an
acyl-enzyme intermediate that is subsequently hydrolysed to break the bond (Long
and Cravatt 2011). The inherent nucleophilicity of the catalytic serine renders it
susceptible to covalent modification by a range of broad-spectrum serine hydrolase
ABPs including the fluorophosphonates (FPs), aryl phosphonates, isocoumarins,
sulfonyl fluorides and carbamates (Cravatt et al. 2008).

In parasites, serine protease activity was first profiled in Babesia divergens, a
bovine pathogen that can cause lethal babesiosis in immunocompromised humans
(Montero et al. 2006). Babesia species are apicomplexans with an intraerythrocytic
life cycle comparable to that of Plasmodium, involving active invasion of RBCs by
merozoites. While serine proteases such as PfSUB1 and 2 were thought to play a
pivotal role in the entry of P. falciparum merozoites (via the proteolytic maturation
of parasite and host-derived proteins), whether such enzymes had similar function
in B. divergens was not known. To identify potential serine hydrolases in
B. divergens, Montero et al. (2006) labelled the lysates of extracellular merozoites
with a biotinylated derivative of the FP probe (FP-biotin; Fig. 2d). Western blot
analysis of FP-biotin labelled proteins with an avidin-conjugated secondary anti-
body identified two distinct protein species. Using antibodies against a related
homologue present in P. falciparum (PfSUB1), immunoprecipitation experiments
demonstrated that these FP-biotin labelled species were the active and precursor
forms of a serine subtilisin-like protease, subsequently denoted BdSUB1. Further
work found that BdSUB1 localises to invasion-associated secretory organelles
known as dense granules and is essential for B. divergens invasion, indicating
functional conservation with PfSUB1. ABPP has been further used to delineate the
roles of several Plasmodium serine proteases expressed in the intraerythrocytic
parasite stages. In the same chemical biology study that characterised the DPAP1/3
cysteine proteases, Bogyo and co-workers used an isocoumarin-based probe to
identify PfSUB1 as a novel regulator of P. falciparum merozoite egress
(Arastu-Kapur et al. 2008). In this study, a biotinylated chloroisocoumarin from the
same protease inhibitor library was identified as an inhibitor of schizont rupture,
with a half-maximal effective concentration value (EC50) of 22 µM. This biotiny-
lated inhibitor, JCP104, was used to label protein targets in both intact and
permeabilised schizont samples lacking an RBC membrane and with reduced
human protein contamination. Western blotting and MS analysis of proteins
covalently modified by the biotinylated inhibitor revealed PfSUB1 as the primary
target. Furthermore, fluorogenic peptide substrate cleavage assays demonstrated
that JCP104 inhibits the proteolytic activity of recombinant PfSUB1 with an IC50

consistent with the EC50 reported for the schizont rupture assay. These data sug-
gested that JCP104 likely impairs parasite egress by blocking the activity of
PfSUB1, supporting a role for this serine protease in the parasite’s intraerythrocytic

162 H. J. Benns et al.



life cycle. To define the mechanism by which PfSUB1 regulates merozoite egress,
JCP104 was then used to assess whether inhibition of this protease affects the
proteolytic processing of PfSUB1 substrates. For this experiment, Arastu-Kapur
et al. focused on the serine repeat antigen 5 (SERA5). SERA5 is an essential
pseudoprotease with a role in schizont rupture, and proteolytically processed by
PfSUB1 within the parasitophorous vacuole (PV), the membrane-bound structure in
which the parasite develops (Collins et al. 2017; Yeoh et al. 2007). As with DPAP3
inhibition, JCP104-mediated inhibition of PfSUB1 resulted in a dose-dependent
accumulation of unprocessed SERA5 within intact schizonts concurrent with a
reduction in the amount of processed SERA5 in the cell culture media following
egress. Intriguingly, the processing of SERA5 was dependent on the presence of
functional DPAP3, as small-molecule inhibition of DPAP3 blocked the production
of the mature form of PfSUB1 and subsequent merozoite egress. These findings led
to the development of a new model for RBC rupture during egress, whereby
PfSUB1 is proteolytically matured in exoneme organelles by DPAP3, before being
released into the PV where it then processes SERA and matures other merozoite
surface proteins including MSP1. This study demonstrated the power of ABPs to
characterise the synergy between two mechanistically different proteases in a crit-
ical and complex parasite cellular process.

Another P. falciparum serine protease that has been characterised with the aid of
ABPP is PfClpP, an orthologue of the cyanobacterial caseinolytic protease
P (Rathore et al. 2010). In 2010, Rathore et al. (2010) screened a series of synthetic
b-lactone probes to identify compounds that inhibit the activity of PfClpP. Their
best inhibitor, compound U1, had an IC50 of 8.4 µM and was converted into an
ABP to determine the specificity of this compound in P. falciparum proteomes for
subsequent use in cell-based studies. Here, a terminal alkyne group was introduced
to allow for functionalisation of the probe with an azide-linked rhodamine
(Az-Rho) fluorescent reporter by copper-catalysed azide-alkyne cycloaddition
reaction, click chemistry (Kolb et al. (2001). Following intact labelling of
intraerythrocytic P. falciparum trophozoites, in-gel fluorescence analysis of labelled
proteins revealed high selectivity of this probe for PfClpP. Having validated the
specificity for the probe, cell-based inhibition studies were conducted with the
parent inhibitor (U1) to characterise the function PfClpP throughout the parasite’s
intraerythrocytic life cycle. Treatment of P. falciparum with U1 resulted in a par-
asite growth arrest approximately 96 h post-drug treatment, consistent with the
well-documented delayed-death phenotype that is associated with the loss of
the apicoplast (an essential organelle situated at the anterior of the parasite where
isoprenoid, fatty acids and haem are synthesised). Here, U1-treatment induced the
formation of abnormally shaped and non-replicative apicoplasts during parasite
schizogony. Together, these findings suggested that PfClpP plays a key role in the
functional biogenesis of the apicoplast during intraerythrocytic asexual
development.
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2.1.3 Threonine Proteases

The proteasome is a large macromolecular protein complex composed of multiple
proteolytic subunits that are dependent upon an N-terminal threonine nucleophile
for their catalytic activity. As with other eukaryotic systems, the parasite protea-
some is critical for a range of essential processes that depend on the proteolytic
degradation of polyubiquitinated proteins, such as cell differentiation and replica-
tion (Munoz et al. 2015). Small-molecule inhibition studies have highlighted the
parasite proteasome as a promising anti-parasitic drug target. For instance, selective
inhibition of the catalytic b2 and 5 subunits of the P. chabaudi proteasome results
in parasite clearance in a mouse model of malaria (Li et al. 2016). Indeed, ABPP of
threonine proteases has been integral to the characterisation of the proteasome in
various parasites, and its validation as a drug target.

To profile the activity of individual proteasome subunits, Nazif and Bogyo
(2001) developed a range of peptidic ABPs that target the catalytic threonine via a
vinyl sulfone or epoxyketone warhead. These probes contain variations of a four
amino acid specificity sequence, which interact with the specificity pockets of the
catalytic b subunits downstream of the site of peptide bond hydrolysis (position
P1). Altering the amino acid sequence of the probe’s peptide specificity element
provided insight into the substrate recognition preferences of each subunit. This
approach was used to identify unique substrate recognition properties of the parasite
proteasome that can be exploited in drug development. For instance, Wang et al.
(2003) used a series of 125I-labelled peptide vinyl sulfones that target the b1, 2 and
5 subunits of the human proteasome to determine the specificity of the equivalent
subunits in T. brucei (Wang et al. 2003). SDS-PAGE analysis of products radio-
labelled with a general probe, 125I-YL3-VS, revealed that b2/5 has similar speci-
ficity for hydrophobic residues in the P1 to P4 positions of the substrate. Unlike its
human orthologue, the T. brucei b1 subunit was not labelled despite its primary
sequence being predictive of catalytic activity, suggesting that this subunit has
significantly altered peptide specificity in T. brucei or may be catalytically inactive.
Furthermore, substitution of the P1 leucine to an asparagine in a related probe
(125I-NP-L2N-VS) resulted in selective labelling of b2 that was not seen in humans,
indicating that this subunit may have different substrate specificity compared with
the human proteasome. To define the catalytic profile of the trypanosomal pro-
teasome competitive ABPP was performed, testing the effect of small-molecule
inhibitors on subunit labelling with the general 125I-YL3-VS probe. Leupeptin, a
specific inhibitor of the trypsin-like activity of the mammalian proteasome, prevents
labelling of b2 but not b5, suggesting these subunits are responsible for the trypsin
and chymotrypsin-like activity of the T. brucei protease, respectively. Bogyo and
colleagues screened a positionally scanned library of peptide substrates (P1 to P4)
to investigate substrate specificity differences between the T. brucei and human
proteasome. Using a fluorogenic peptide cleavage assay, they found that the
T. brucei 20S proteasome has an overall preference for hydrophobic residues in the
P1 to P4 positions like its human counterpart. However, unique to the T. brucei
proteasome was a preference for peptides containing a P1 glutamine, thus
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identifying a difference in substrate specificity and a possible site to therapeutically
target.

Threonine protease-directed ABPs have also been used to validate the specificity
of inhibitors against the P. falciparum proteasome (Li et al. 2016). Probing sub-
strate specificity with a diverse range of polypeptides, Li et al. (2016) first reported
that the P. falciparum 20S proteasome, unlike the human proteasome, has strong
preference for cleavage of tryptophan residues at P1 and P3. Subsequently, com-
petitive ABPP was used to assess the specificity of inhibitors that contain trypto-
phan at one or both positions for the different b subunits. The parasite 20S
proteasome was treated with the modified inhibitors before labelling with a fluor-
ophore (Cy5)-tagged epoxyketone ABP (BMV037; Fig. 2e) (Li et al. 2014) to
detect residual activity. Excitingly, substitutions at both positions resulted in
selective inhibition of the parasite b2 catalytic subunit compared to the equivalent
human subunit. Structural analysis of the inhibitor-bound proteasome revealed an
unusual open conformation around the active site of the P. falciparum b2 subunit,
providing a basis for future structure-guided drug design. Despite likely having
some off-target activity with the P3 position of the human b5 active site, this
parasite b2-selective inhibitor effectively perturbed parasite growth with minimal
host toxicity in a mouse model of malaria. Overall, this study demonstrated the
power of ABPP for the development of selective inhibitors of the Plasmodium
proteasome, a proven chemically tractable target that could be exploited for future
antimalarials.

2.1.4 Aspartyl and Metalloproteases

In contrast to cysteine, serine and threonine proteases, aspartyl and metalloproteases
lack a nucleophilic residue and instead depend on the activation of water molecules
for their proteolytic activity. Hence, ABPs directed towards these protease classes
are typically potent inhibitors of a given target that feature a tag and a
photo-crosslinking group for covalent modification (Cravatt et al. 2008).
Activity-based profiling of the aspartyl and metalloproteases in parasite systems has
been largely restricted to Plasmodium. Nevertheless, these proteases are critical for
a range of essential processes in diverse macro- and microparasites including food
digestion in Schistosoma (Goupil et al. 2016), and immune modulation by
Toxoplasma (Hammoudi et al. 2015).

The plasmepsins (PMs) represent a family of approximately ten
functionally-diverse aspartyl proteases expressed in both intra- and exoerythrocytic
stages of the Plasmodium life cycle (Banerjee et al. 2002; Coombs et al. 2001;
Nasamu et al. 2017; Russo et al. 2010). Of these, four (PM-I/II/IV and the his-
toaspartic protease, HAP) have well-established roles in the digestion of host
haemoglobin in the RBC and are essential for parasite growth (Banerjee et al. 2002;
Coombs et al. 2001). While PMs have long been considered promising antimalarial
targets, their functional redundancy has suggested that each must be simultaneously
inhibited in order to effectively clear parasitaemia. To enable assessment of

Activity-Based Protein Profiling for the Study of Parasite … 165



inhibitors that target all four PMs, Liu et al. (2009) developed a series of
broad-spectrum hydroxyethyl probes bind to the active site of these proteases
adjacent to catalytic aspartic acid residue(s). These probes also contain a terminal
azide chemical handle, enabling click-conjugation of alkyne-linked benzophenone
(BP) photocrosslinkers and affinity/reporter tags such as the tetraethylrhodamine
(TER) fluorophore (Fig. 2f). For one particular probe, consistent labelling of the
PMs was confirmed in the lysates of several intraerythrocytic parasite stages by
two-dimensional gel electrophoresis (2DGE)-MS and western blotting. Here, the
activity of the PMs was present in the insoluble and soluble fractions of trophozoite
and schizont stages, respectively. These data supported a change in the subcellular
localisation of the PMs from the membrane-bound parasite food vacuole to the
soluble compartment of that digestive organelle, consistent with previous reports
that PM-II is released in a soluble form from the vacuole during development
(Klemba et al. 2004). Competitive ABPP was then used to assay a small library of
152 hydroxyethyl-based inhibitors against PM activity. One compound, G16,
caused a dramatic reduction in the fluorescence labelling intensity by the probe
(IC50 = 0.84 µM) and was selected for growth inhibition studies. Treatment of
late-stage schizonts with G16 resulted in a decrease in newly formed ring-stage
parasites and an accumulation of extracellular merozoites, indicating that this
compound affects the development, egress and/or reinvasion of P. falciparum
erythrocytic stage parasites.

P. falciparum also contains three metallo-aminopeptidases (MAPs) thought to
contribute to the proteolytic degradation of host haemoglobin during intraerythro-
cytic development: aminopeptidase N (PfA-M1), aminopeptidase P (PfAPP) and
leucyl aminopeptidase (Pf-LAP) (McGowan 2013). To elucidate the role of MAPs
in the biology of Plasmodium, Greenbaum and colleagues established a novel
ABPP platform using an ABP scaffold derived from the natural product, bestatin
(Harbut et al. 2011). Bestatin is known to inhibit multiple families of MAPs and has
been shown to disrupt the growth of P. falciparum both in vitro and in vivo,
potentially by disrupting the haemoglobin digestion pathway (Naughton et al.
2010). To identify the molecular targets of bestatin, a bestatin-based affinity probe
(MH01; Fig. 2g) containing a BP crosslinker and biotin moiety was synthesised and
used to label the lysates of asynchronous P. falciparum cultures. Western blot
detection of probe-labelled biotinylated proteins revealed PfA-M1 and Pf-LAP as
the principle targets of MH01, with probe labelling successfully outcompeted fol-
lowing pre-treatment of the lysates with the bestatin parent molecule. To gain
further insight into the specific functions of the MAPs and thus the mechanism
underlying bestatin’s effect, the authors generated ABPs specific to PfA-M1 and
Pf-LAP. This was achieved by screening the inhibitory activity of bestatin-based
ABP libraries against each protease, with each probe containing a variation of the
two amino acids that govern its interaction with the active sites. Inhibition exper-
iments using the most selective PfA-M1 probe, BTA, demonstrated that PfA-M1
inhibition results in parasite death at the trophozoite stage following disruption of
proteolytic digestion of haemoglobin and the phenotypically-associated swelling
of the food vacuole. By contrast, inhibition of Pf-LAP using a Pf-LAP-specific
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probe (PNAP) correlated with an early death chemotype at the ring-to-trophozoite
transition with no obvious morphological features.

2.2 Profiling Acyl-Protein Thioesterases

Acyl-protein thioesterases (APTs) are diverse hydrolytic enzymes that catalyse the
removal of lipid modifications from protein-associated cysteines through esterase
activity. For instance, APTs that specifically cleave palmitate groups are known as
palmitoyl-protein thioesterases (PPTs, or depalmitoylases) and play an important
role in palmitoylation, a reversible post-translational modification (PTM) that
modulates protein function by promoting their membrane localisation, stability and
trafficking. As members of the serine hydrolase family, the activity of such enzymes
can be profiled using serine hydrolase-directed ABPs, e.g. ABPP was used to
characterise the function of a thioesterase in T. gondii, TgPPT1 (also known as
TgASH1) (Child et al. 2013; Kemp et al. 2013).

In 2011, Hall et al. (2011) screened a covalent small-molecule library, identifying
a related set of substituted chloroisocoumarins that intriguingly enhanced the
invasion of host cells by asexual T. gondii parasites. Cell-based studies later revealed
that these compounds promote an invasive phenotype by inducing microneme
secretion and gliding motility, with JCP174 producing the most consistent results
(Child et al. 2013). Given the unusual nature of this effect, derivatives of JCP174
were synthesised to facilitate the identification of the targets of this ‘enhancer’
compound. Using the fluorescently labelled broad-spectrum serine hydrolase probe
FP-Rho (Fig. 2d), it was first shown that JCP174 competes for labelling of one
specific protein species by in-gel analysis. This ABP competition did not occur when
using an inactive analogue of JCP174 that lacked an aromatic amine moiety con-
served amongst the enhancer-type compounds. An alkyne-modified variant of
JCP174 (JCP174-alk; Fig. 2h) was synthesised to allow probe-labelled proteins to
be coupled with a biotin-azide affinity tag and identified by tandem orthogonal
proteolysis ABPP (TOP-ABPP) (Weerapana et al. 2007). Mass spectrometry anal-
ysis of biotinylated proteins revealed the primary target of JCP174 to be TgPPT1
(Child et al. 2013). A combination of small-molecule and genetic approaches was
then used to validate a role for TgPPT1 in microneme secretion and gliding motility,
revealing for the first time the importance of dynamic palmitoylation in the regu-
lation of T. gondii invasion. The contribution of TgPPT1 to host cell invasion was
also demonstrated by Kemp et al. (2013), who used a similar competitive ABPP
approach to identify this depalmitoylase as a primary target of various
b-lactone-based compounds. These findings initiated the development of a general
JCP174-based fluorescent ABP (JCP174-BT) that can be used to profile both par-
asite and human APTs activity in situ (Garland et al. 2018). Future studies using this
probe may provide further insight into the functions of depalmitoylases in other
parasite systems and the potential for discovery of novel druggable nodes.
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2.3 Profiling Protein Kinases

Protein kinases are implicated in essential functions at virtually every stage of the
parasite life cycle and are thus widely acknowledged as drug targets (Doerig 2004).
Despite their importance, developing ABPs for profiling protein kinase activity has
been a long-standing challenge in chemical proteomics (Rosenblum et al. 2013).
Protein kinases catalyse the direct transfer of phosphate from ATP to a protein
substrate without any covalent enzyme-ligand intermediate and thus do not typi-
cally have a defined nucleophilic residue that can be targeted for covalent modi-
fication. Further, as the architecture of the ATP-binding site is similar for many
protein kinases (and other enzyme classes), developing competitive inhibitors and
probes of ATP-binding with selectivity for the target enzyme(s) remains difficult.
Nevertheless, most kinases contain at least one conserved lysine within their active
sites that interact with the phosphate backbone of the ATP substrate. This inter-
action has been exploited in the development of several kinase-directed ABPs
including acyl-phosphate ATP probes, Wortmannin-based probes and hypothe-
mycin (Cravatt et al. 2008), some of which have been applied to study kinase
function in parasites.

Kinase-based ABPP has been employed to identify the targets of hypothemycin
in T. brucei, a polyketide natural product inhibitor of CDXG-type kinases with
potent trypanocidal activity (Nishino et al. 2013; Schirmer et al. 2006). Kinases
play key roles during the life cycle of T. brucei and are being increasingly explored
as therapeutic targets for African trypanosomiasis (Nett et al. 2009; Parsons et al.
2005). However, while the T. brucei kinome comprises 182 potential targets, their
interrogation with small-molecule inhibitors has been hampered by the observation
that many trypanosomal kinases share high sequence similarity with their human
orthologues. Recently, Nishino et al. (2013) produced a semi-synthetic derivative of
hypothemycin, a potent inhibitor of CDXG-type kinases, and demonstrated its
effectiveness in clearing bloodstream form T. brucei parasites in vitro and in vivo.
To enable the targets of hypothemycin to be identified, an alkynye-modified
hypothemycin-based probe was synthesised for click-conjugation of biotin- or
rhodamine-coupled azides (Fig. 2i). Using the biotinylated probe, gel-free com-
petitive ABPP was then conducted with isobaric mass tags to allow for MS-based
quantitation of hypothemycin-sensitive proteins in parasite lysates. Using
hypothemycin, 11 of 21 total CDXG motif-containing kinases were identified with
variable sensitivity to the probe. Here, the previously uncharacterised TbCLK1/2
kinases were shown to have the highest affinity for hypothemycin, followed by
other kinases including TbGSK3short and TbMAPK2. Inhibition experiments in
live, intact trypanosomes confirmed TbCLK1 as the preferred target of hypothe-
mycin, with its inhibition correlating with loss of cell viability. Although
hypothemycin exhibited considerable cytotoxicity in mammalian cells, this study
identified TbCLK1 as a potential drug target and introduced hypothemycin-based
probes as tools to profile the activity of CDXG-type kinases.
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3 Activity-Based Protein Profiling in Parasites:
An Exciting Future

Chemical proteomics is a growing field of research that lies at the interface between
chemistry and biology. As highlighted in this chapter, the recent development and
application of chemical proteomic technologies to parasite systems has contributed
vastly to our understanding about the basic biology of a diverse range of pathogens
over the last decade. In particular, ABPP has emerged as a powerful technique for
functional profiling of diverse enzyme classes and has facilitated the identification
of proteins associated with many essential parasitic processes. Additionally,
chemical proteomic approaches aimed at profiling PTMs at a systems level have
been invaluable for associating PTMs and PTM substrates with critical cellular
events. Collectively, these techniques have facilitated the discovery of new
potential targets that could be exploited in the development of next-generation
therapeutics for many parasite-related diseases. Further, the versatility of ABPP in
screening the potency and selectivity of small-molecule inhibitors in complex
biological samples has provided a strong foundation for target-based rational drug
design. Assessment of the cellular uptake, pharmacokinetic and pharmacodynamic
properties of such compounds will provide insight into the full potential of these
inhibitors as novel anti-parasitic agents.

Future development of the chemical proteomic technologies described in this
review will offer exciting opportunities for parasitologists to explore unchartered
territories of parasite biology. Indeed, chemical probes are continually being
developed for new enzyme classes, broadening the types of protein that can be
experimentally accessed (Chuh et al. 2016; Chuh and Pratt 2015; Yang and Liu
2015). It can therefore be anticipated that further application of these techniques to
parasites will aid the functional assignment of previously uncharacterised proteins
and thus uncover unique aspects of parasite biology and new drug targets.

This chapter has focused on examples in which chemical biology has been
exploited to study parasite proteins with a specific enzymatic activity or PTM.
Nevertheless, it is worth mentioning that other chemical proteomic technologies
exist, which to our knowledge have yet to be applied to parasites. One well
established and rapidly evolving area of ABPP is quantitative reactivity profiling. In
this approach, broad-spectrum electrophilic probes are used to quantify the intrinsic
reactivity of a specific nucleophilic amino acid type in a complex proteome (Abo
et al. 2018). Indeed, this can provide insight into the catalytic and regulatory
functions of certain amino acid side chains in proteins, as well as their PTM state
and inhibitor occupancy (Abo et al. 2018). While several platforms have been
developed for this purpose, perhaps the most widely used is isotopic tandem
orthogonal proteolysis activity-based protein profiling (isoTOP-ABPP) (Weerapana
et al. 2010). Pioneered by the Cravatt group, isoTOP-ABPP enables the relative
abundance of reactive cysteines to be quantified on a global scale using an
alkyne-tagged iodoacetamide probe that has specific reactivity towards the cysteine
thiol. This technique has been successfully applied to profile cysteine reactivity in
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diverse biological systems, and since its development has been adapted to study the
sensitivity of cysteines to various thiol-dependent PTMs including S-sulfenylation
and S-nitrosylation (Deng et al. 2013; Martell et al. 2016; Yang et al. 2015; Zhou
et al. 2016). Furthermore, this platform has recently been expanded to allow for
profiling of other nucleophilic hotspots such as lysine side chains using
amine-reactive probes (Anderson et al. 2017; Hacker et al. 2017). Although the
concept of reactivity profiling remains largely unexplored in parasite systems, the
potential for these technologies to reveal the importance of reactive amino acids in
parasite proteomes and identify new druggable targets is an exciting prospect.
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Abstract As a major sentinel of adaptive immunity, T cells seek and destroy
diseased cells using antigen recognition to achieve molecular specificity. Strategies
to block checkpoint inhibition of T cell activity and thus reawaken the patient’s
antitumor immune responses are rapidly becoming standard of care for treatment of
diverse cancers. Adoptive transfer of patient T cells genetically engineered with
tumor-targeting capabilities is redefining the field of personalized medicines. The
diverse opportunities for exploiting T cell biology in the clinic have prompted new
efforts to expand the scope of targets amenable to immuno-oncology. Given the
complex spatiotemporal regulation of T cell function and fate, new technologies
capable of global molecular profiling in vivo are needed to guide selection of
appropriate T cell targets and subsets. In this chapter, we describe the use of
activity-based protein profiling (ABPP) to illuminate different aspects of T cell
metabolism and signaling as fertile starting points for investigation. We highlight
the merits of ABPP methods to enable target, inhibitor, and biochemical pathway
discovery of T cells in the burgeoning field of immuno-oncology.

1 Introduction

1.1 Cellular Interactions that Regulate T Cell Responses

Thymus-educated lymphocytes (T cells) contribute substantially to our overall
health: on the one hand, by protecting the body from pathogenic events including
infections and cancer; while on the other hand helping potentiate inflammatory
events and autoimmune diseases. T cells recognize their targets via their T cell
receptors (TCRs), which are exquisitely sensitive and generally very specific for
their ligands [a combination of a short 8-20aa peptides derived from protein pro-
teolytic products presented by the major histocompatibility complex (MHC) Class I
or Class II molecules at the cell surface; referred to as their “antigen”; Fig. 1].
Mature T cells encounter their ligands initially in secondary lymphoid tissues such
as lymph nodes (LNs) and the spleen. “Priming,” or activation, of T cells is initiated
by dendritic cells (DCs) that have acquired the proteins that T cells recognize from
the extracellular environment. These proteins are acquired by phagocytosis of dying
or excreted materials in the periphery (Yatim et al. 2017), which precedes DCs
migration via the lymphatics to LN (Randolph et al. 2008). DCs proteolytically
degrade proteins to peptides (Alloatti et al. 2016), which then bind to the MHC
molecules within DC and are transported out to the surface of the DC where they
can be surveilled by T cells (Fig. 1). For tumors, the antigens are commonly
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over-expressed self-proteins; proteins derived from the viruses that drive tumori-
genesis; or “new” neo-antigens that arise due to mutations within the genome.
Within the LN, DCs secrete chemokines that attract naïve T cells (Luster 2002),
providing the opportunity for the T cells to survey the MHC–peptide complexes on
the surface of the DC with their TCRs. Once activated, effector T cells undergo
rounds of proliferation and exit the secondary lymphoid organ into the circulation.
Trafficking T cells receive signals from chemokines and homing receptor ligands
expressed on the surface of endothelial cells at sites of inflammation which cause
them to adhere to the endothelial cells, and then extravasate from the vasculature
into tissue (Jalkanen et al. 1986). Once in the peripheral tissue, chemokine gradients
again cause T cells to move to infected or cancerous cells, where their TCR can be
engaged by MHC–peptide complexes on the surface of the target cell. Engagement
of the TCR can lead to a variety of functions directly performed by the T cell,
including proliferation, production of cell–cell communication molecules called
cytokines that can promote or limit inflammation, and the release of lytic granules
that can kill target cells. These functions drive the ability of T cells to destroy or
modify their target cells directly or cooperate, educate, and regulate other cells of
the immune system, such as antibody-producing B cells and myeloid cells that
engulf damaged and diseased tissues (Fig. 2). Most of the activated T cells die after
a short period in the periphery once the infection and the derived antigen are

Fig. 1 Activation of T cells
via MHC–peptide complexes
on professional APC
triggering the T cell receptor
and cascades of tyrosine and
serine–threonine kinases
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removed, but some live on as long-lived memory T cells residing in the tissue,
draining lymph nodes or circulating in the blood in a quiescent state, awaiting
re-exposure to the antigen that originally promoted their expansion (Reading et al.
2018). These interactions underlie the ability of the immune system to counter
pathogens and cancer and yet are also the underpinnings of many cardiovascular
and neurological diseases, autoimmunity, and transplant engraftment. Thus,
understanding how T cell activation is regulated is anticipated to provide ample
opportunities for therapeutic intervention.

In addition to TCR engagement, T cells receive signals from a variety of other
receptors on their cell surface. Prominent among these are costimulatory molecules
that are members of the immunoglobulin superfamily (IgSF), particularly CD28,
and the tumor necrosis factor receptor superfamily (TNFRSF), which supports the
cycling and survival of activated T cells without which nascent T cell responses
abort. Further, cytokine receptors can have striking influence on T cell fate deci-
sions with respect to both their differentiation into specialized subsets with discrete
functions and their long-term survival. On the one hand, pro-inflammatory
cytokines such as the type 1 interferon family members or IL-12 can promote the
differentiation of helper T cell (CD4+) subsets (Hsieh et al. 1993) and effector
function and terminal differentiation in cytotoxic (CD8+) T cells (Cui et al. 2009).
Conversely, IL-10 and IL-21 can induce transcription factors that support the ability
of T cells to differentiate into long-lived memory T cells (Cui et al. 2011).

1.2 Cell Signaling in T Cell Responses

The initial signals from the TCR are mediated by tyrosine kinases that ultimately
activate a collection of serine–threonine kinases that are intrinsically involved in
activating/sustaining activities needed for the proliferation and survival of the
expanding T cell population (Brownlie and Zamoyska 2013). Like most signaling

Fig. 2 Interactivity between
immune cell subsets. Helper T
cells are activated by DC and
in turn provide survival and
differentiation signals to
cytotoxic CD8+ T cells,
B cells, and macrophages
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networks, second messengers play a prominent role in the translation of ligand
binding to functional outcomes. In the case of T cells, TCR-mediated activation of
the phospholipase C-c results in the production of inositol-(1,4,5)-trisphosphate
(IP3) and diacylglycerols (DAGs). IP3 leads to the activation of protein kinase B/
Akt via activating PDK1 (Rosse et al. 2010). Akt phosphorylates many members of
the FoxO transcription factor family, leading to their exclusion from the nucleus
(Eijkelenboom and Burgering 2013). FoxO transcription factors regulate the
expression of cytokine receptors that contribute to T cell survival and, via regu-
lating KLF2, influence the expression of homing receptors and chemokine receptors
that direct the trafficking of activating T cells (Kerdiles et al. 2009). Akt addi-
tionally regulates the expression of cytolytic effector molecules in cytotoxic T cells
and cytokine receptors such as IL12Rb (Macintyre et al. 2011), which supports the
expression of T-bet and Eomesodermin, transcription factors that engrain effector
differentiation. DAG can bind and activate many members of the protein kinase C
(PKC) serine–threonine kinase family (Quann et al. 2011), guanine nucleotide
exchange factors [RasGRPs (Jun et al. 2013)] and subsequently Erk1 and Erk2 via
the mitogen-activated protein kinase (MAPK) pathway (Fischer et al. 2005), and
protein kinase D (PKD) members (Spitaler et al. 2006), with ensuing impact on the
formation of the immunological synapse that connects T cells to antigen-presenting
cells, cell motility, and cytokine production.

1.3 Cell Metabolism in T Cell Responses

The tremendous expansion in T cells after TCR engagement requires substantial
alterations to their metabolism to support proliferation and differentiation. This
involves the increase in oxidative phosphorylation (OXPHOS) and the induction of
glycolysis. Glycolysis is activated by either AKT [in helper T cells (Rathmell et al.
2003)] or Erk-mediated regulation of c-Myc (cytotoxic T cells) (Wang et al. 2011).
mTORC1, the target of the immunosuppressant rapamycin, is critical kinase
involved in metabolic regulation via its regulation of p70-S6 kinase and
eIF4E-binding protein (contributing to protein transcription and translation) and the
SREBP fatty acid synthesis regulators (Zeng and Chi 2017). Furthermore,
mTORC1 links to the HIF-1 transcription factor which has a major role in pro-
moting the sustained expression of glucose transporters and the major enzymes of
the glycolytic pathway and concomitantly to many genes that are reflected in the
“effector” activities of T cells [such as the expression of lytic granules and
cytokines (Finlay et al. 2012)]. Conversely, nutrient-sensing serine–threonine
kinases, exemplified by the AMP-activated kinase a1 (AMPKa1) which works with
liver kinase B1 (LKB1) to sense the availability of nutrients within the T cell, can
attenuate mTORC1 and arrest glycolysis once nutrients and ATP become limiting;
this allows OXPHOS to become more prominent and elicits a greater use of fatty
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acids rather than glucose as the T cells transition into a more quiescent state (Tamas
et al. 2006, 2010). Thus, glycolysis is commonly linked to the effector functions of
T cells, and its induction and sustained activation are regulated by kinases at critical
points.

1.4 Fate Decisions in T Cells

As mentioned, once actively proliferating, T cells can be polarized into different
effector subsets (Th1, Th2, etc.) that secrete different patterns of cytokines. Further,
the capacity for T cells to become long-lived memory cells resides within this
primary T cell response, as a subpopulation either that has not received signals that
drive to terminal effector differentiation or has received signals that preserve
homeostatic functions. These fate decisions are commonly influenced by the
amount of antigen and cytokines (interferons; interleukins; colony-stimulating
factors) present during the early expansion phases of T cells, and the signals
transmitted by their respective receptors (type I and type II) induce chromatin
remodeling that durably influences the gene sets transcribed in these subpopula-
tions. Many of the influential cytokine receptors are linked to Janus kinase
(JAK) non-receptor tyrosine kinases that auto-phosphorylate and control the STAT
family of transcription factors, which in turn promote the expression of genes as
homo- or hetero-dimers binding to their target promoters (Yamaoka et al. 2004).
For example, interleukin-2, a critical T cell growth factor, binds to the IL-2 receptor
complex, activating JAK1 and JAK3, with the ensuing phosphorylation of
STAT5A and STAT5B promoting the expression of the IL-4 receptor, which in turn
promotes TH2 subset differentiation. However, these signaling pathways are not
generally linear, as IL-2 is also a key determinant in the differentiation of
immunosuppressive regulatory T cells (Treg). Similarly, IL-12, which activates
Jak1 and Tyk2 and STAT4, drives TH1 differentiation and substantially promotes
the differentiation of T cells into terminally differentiated effectors by enhancing
T-bet expression. Conversely, IL-23 and IL-10, via STAT3, promote memory T cell
differentiation at the expense of effectors. How these different outcomes are con-
trolled, from the same receptor kinase–transcription factor complexes, is an area of
intense focus, being partially revealed by phosphoproteomic studies (Ross et al.
2016; Hukelmann et al. 2016), and likely involves unequal activity of STATs (and
thus JAKs) and feedback loops between STATs in transcriptional regulation
(Hirahara et al. 2015). The contribution of this family of kinases to these fate
decisions provides substantial opportunity for therapeutic intervention, potentially
ameliorating autoimmune disease by inflating Treg or polarizing vaccine-induced T
cell responses to subtypes that are most effective with respect to the purpose of the
vaccine. Given that JAKs can also influence chromatin structure, the development
of assays that interrogate, and potentially inhibit, the function of these kinases
during T cell responses will likely empower much greater understanding of how a
relatively constrained family of kinases may drive such complex outcomes.
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2 Features of Dysfunctional T Cells

The immune system is a powerful defense against pathogens and tumors, but, as
evidenced by autoimmune diseases, toxic shock syndromes and other chronic
inflammatory diseases can be deleterious to the host if left unchecked.
Consequentially, a multitude of negative feedback mechanisms has evolved to limit
immune cell function. This is particularly apparent for T cells in cases of chronic
exposure to antigen, such as unresolved pathogen infections (e.g., HIV; HCV;
malaria), and these mechanisms for restraining T cell responses are commonly
hijacked by tumors.

2.1 Anergy/Tolerance

The dendritic cells that acquire antigen from infected tissues also engulf
self-antigens from dying cells. As inflammation from infection is an important
element in activating DC to drive T cell responses to a pathogen, it is important that
T cells do not also respond to the self-antigens. The majority of self-reactive T cells
are culled in the thymus by the processes of negative selection. However, this
process is not absolute, and many proteins are expressed late in development and
thus avoid “central” tolerance. In the periphery, self-tolerance can be maintained by
unactivated DC presenting self-antigen, derived from cells continually undergoing
turnover, to T cells in the absence of the costimulatory molecules that are induced
by inflammation. Under these circumstances, T cells undergo abortive proliferation
and enter a state of anergy, whereby their response to re-exposure to the same
antigen is blunted. Anergy is regulated by both ubiquitin ligases and transcription
factors that limit the expression of genes that would normally promote T cell
expansion and differentiation. Recently, it has become apparent that T cell
responses to tumor antigens can be similarly blunted. Although tumors commonly
express neo-antigens that would not be the subject of central tolerance, the limited
amount of inflammation within the tumor microenvironment can limit DC activa-
tion, leading to presentation of antigen in the absence of costimulation.

2.2 Dysfunction/Exhaustion

In many cases of chronic antigen exposure, T cells differentiate but become
unresponsive to further stimulation, a situation referred to as exhaustion. This state
of exhaustion reflects intrinsic mechanisms of limiting responsiveness to further
TCR engagement. T cell receptor activation of tyrosine kinases is highly regulated,
and effective signal transduction requires sustained stimulation due to the consti-
tutive activation of protein tyrosine phosphatases (PTPs) that counteract kinase
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activity. It has been shown in tumor-infiltrating lymphocytes (TILs) that TCR
stimulation can be attenuated downstream of antigen engagement (Koneru et al.
2005) by the recruitment of src homology region 2 domain-containing phosphatase
(SHP)-1 to the immunological synapse where the T cell engages the target cell
(Monu and Frey 2007). SHP-1 limits further signaling, Ca2+ flux, and integrin-
mediated binding. This is an active inhibition as removal of TILs from the tumor
environment, and brief in vitro culture can restore function. Additionally, after
engagement of the TCR, inhibitory molecules are expressed that contain
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and are subsequently
phosphorylated on their ITIMs, recruiting and activating PTP such as SHP-1 and
SHP-2 (Pauls and Marshall 2017; Srivastava et al. 2013). Activated PTP in turn
dephosphorylates proximal substrates: These range from kinases to antigen recep-
tors to adaptor molecules. Supporting this notion, polymorphisms in PTPN22 have
been shown to promote autoimmune diseases and anticancer responses due to an
inability to constrain TCR signaling (Salmond et al. 2015; Brownlie et al. 2017),
and short hairpin RNA (shRNA) screens in vivo identified Ppp2r2d, a regulatory
subunit of the PP2A phosphatase, as limiting T cell function in the tumor
microenvironment (Zhou et al. 2014). Among the inhibitory molecules that recruit
PTPs are those being clinically evaluated with considerable success in immuno-
oncology: PD1; CTLA-4; LAG3; TIGIT; TIM3 (Vazquez-Cintron et al. 2010). In
addition to SHP recruitment to TCR, signaling can be attenuated by recruiting
suppressors of cytokine signaling (SOCS) family member cytokine-inducible
SH2-containing protein (CISH), which normally blocks STAT5 activation to sup-
port the degradation of PLC-c1 (Palmer et al. 2015). Interestingly, RNAi or
CRISPR/Cas9 screens have also implicated kinases in tumor cells for their ability to
indirectly impede antitumor immunity by desensitizing responsiveness to cytokine
signaling (Patel et al. 2017; Manguso et al. 2017).

2.3 Extrinsic Regulation of T Cell Metabolism

A third approach to limiting T cell function in the tumor microenvironment has
recently become clear. Tumors can be considered “competitors” for immune cells
for the resources that both need to maintain function. For example, studies have
implicated the consumption of glucose by tumors (commonly referred to as
Warburg metabolism as glycolysis is used even though oxygen may not be limiting)
as a mechanism by which T cells can lose their function, given the importance of
glycolysis to T cell effector activity (Chang et al. 2013, 2015a). Other essential
metabolites have been demonstrated to be critical T cell function, and their avail-
ability is attenuated in the TME. The amino acids arginine and tryptophan are
actively depleted by myeloid cells expressing arginase-1 [Arg 1 (Vasquez-Dunddel
et al. 2013)] and a variety of cells expressing indoleamine 2,3-dioxygenase 1
[IDO-1 (Balachandran et al. 2011; Liu et al. 2010)], respectively. Interestingly,
IDO-1 was originally identified as a mechanism of maintaining maternal-fetal
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tolerance (Munn et al. 1998). The availability of serine has also shown to be critical
for T cell effector function (Ma et al. 2017). Thus, these “extrinsic” regulators of T
cell metabolism are also current targets for cancer immunotherapy.

2.4 New Opportunities for ABPP Discovery
in T Cell Biology

Multiple tyrosine and serine–threonine kinase pathways regulate T cell responses
from inception to termination. Conversely, tyrosine phosphatases and ubiquitin
ligases play critical roles in attenuating signals that emanate from the TCR and
cytokine receptors. Thus, considerable opportunities exist to regulate fate decisions
and metabolic activity of T cells, as evidenced by the clinical implementation of
rapamycin, the inhibitor of mTOR, and JAK inhibitors. The challenge at hand is
that many of these enzymes are active in many different pathways in many normal
cells, so selecting the most appropriate target for the physiological condition is
critical to prevent on-target toxicities. Further identifying inhibitors that are truly
specific for each of the wide variety of isoforms of different enzymes will be a
major thrust of future work. In Sect. 3, we describe examples of using ABPP
methods to probe enzymes and pathways that have substantial influence on T cell
function.

3 Functional Insights into T Cell Biology Using ABPP
Methods

3.1 ABPP Technology

Activity-based protein profiling (ABPP) is a global proteomic method for mea-
suring functional state of enzymes directly in native biological systems (Cravatt
et al. 2008; Niphakis and Cravatt 2014). An activity-based probe contains at least
two key features: (1) a reactive group that binds and covalently modifies active sites
of a large number of enzymes, which share conserved mechanistic and/or structural
features and (2) a reporter tag (e.g., fluorophore or biotin) to enable detection,
enrichment, and identification of probe-labeled enzyme targets by gel elec-
trophoresis (Jessani et al. 2002) (in-gel analysis) and liquid chromatography–mass
spectrometry (LC-MS) (Jessani et al. 2005; Adibekian et al. 2011; Inloes et al.
2014) (LC-MS, Fig. 3a). ABPP probes have been generated for more than a dozen
enzymes classes including serine hydrolases (SHs) (Liu et al. 1999), kinases
(Patricelli et al. 2011), glycosidases (Vocadlo and Bertozzi 2004; Hekmat et al.
2005), oxidoreductases (Wright and Cravatt 2007; Speers and Cravatt 2005), and
cysteine proteases (Greenbaum et al. 2000). ABPP probes label active enzymes but
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not their inactive forms, enabling detection of changes in enzyme activity inde-
pendent of alterations in gene or protein expression (Jessani et al. 2002, 2004).

ABPP methods can be configured for inhibitor discovery using a competitive
format (Fig. 3b). The potency and selectivity of small molecules can be profiled
against many enzymes in parallel by performing competitive ABPP in complex
proteomes, where inhibitors compete probe labeling of enzyme targets.
Competitive ABPP offers several advantages over conventional substrate assays.
First, enzymes can be tested in native proteomes without the need for recombinant
protein expression and purification (Adibekian et al. 2011; Long et al. 2009; Hsu
et al. 2013a; Inloes et al. 2014; Chang et al. 2015b; Nagano et al. 2013). Second,
inhibitors can be developed for uncharacterized enzymes that lack any known
substrates (Adibekian et al. 2011; Hsu et al. 2013b; Inloes et al. 2014). Since
competitive ABPP is compatible with any enzyme, regardless of its degree of
functional annotation, optimized inhibitors can be developed for enzymes that are
biologically characterized but devoid of inhibitors, as well as orphan enzymes. In
most cases, the compounds developed from these medicinal chemistry programs
represent the first pharmacological probes for studying the function of their
respective enzyme targets in vivo. Finally, inhibitors are evaluated against many
enzymes in parallel, enabling identification of selective agents from non-specific
compounds (Bachovchin et al. 2010; Adibekian et al. 2011; Hsu et al. 2013a, b)
(Fig. 3b).

(a)

(b)

Fig. 3 a Activity-based protein profiling (ABPP) utilizes active-site directed chemical probes to
measure the functional state of large numbers of enzymes in native biological systems (e.g., cells
or tissues). Activity-based probes consist of a reactive group (hexagon) for targeting a specific
enzyme class and a reporter tag (e.g., fluorophore or biotin denoted by oval) for detection by in-gel
fluorescence scanning or by avidin-enrichment coupled with liquid chromatography–mass
spectrometry (LC-MS), respectively. b For inhibitor discovery, the potency and selectivity of
small molecules can be profiled against many enzymes in parallel by performing competitive
ABPP in complex proteomes, where inhibitors compete for probe labeling of enzyme targets
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3.2 ABPP Discovery of Dimethyl Fumarate Mode of Action
in T Cells

ABPP has been used to determine mode of action of immunosuppressive drugs to
reveal protein targets important for T cell activation. A recent study used isotopic
tandem orthogonal proteolysis-activity-based protein profiling [isoTOP-ABPP
(Weerapana et al. 2010; Wang et al. 2014)] to identify protein targets and site of
binding for dimethyl fumarate (DMF) in T cells (Blewett et al. 2016). DMF is an
FDA-approved immunosuppressive drug used to treat autoimmune disorders
including psoriasis (Mrowietz et al. 2007) and multiple sclerosis (MS) (Linker and
Gold 2013). DMF exhibits both neuroprotective and immunomodulatory activities
through a poorly understood mechanism of action (Scannevin et al. 2012; Albrecht
et al. 2012; Gillard et al. 2015). DMF contains a Michael acceptor functional group
that mediates covalent reaction with cysteine residues in proteins (Fig. 4). Based on
its cysteine reactivity, several pathways have been proposed to explain DMF
activity including Nrf-KEAP1 complex dissociation through cysteine modifications
(Taguchi et al. 2011; Scannevin et al. 2012) or perturbation of redox hemostasis by
changing cellular GSH concentrations (Mrowietz and Asadullah 2005; Lehmann
et al. 2007; Lin et al. 2011; Albrecht et al. 2012). DMF is also proposed to function
as a prodrug that is metabolized to monomethyl fumarate (MMF, Fig. 4), which
acts as a ligand for the G protein-coupled receptor, hydroxycarboxylic acid receptor
2 (HCAR2) (Chen et al. 2014).

To determine DMF mode of action, the Cravatt Lab applied isoTOP-ABPP
(Weerapana et al. 2010; Wang et al. 2014) for global cysteine reactivity profiling to
identify and quantify DMF-sensitive cysteine residues in primary human and mouse
T cell proteomes (Blewett et al. 2016). In this study, the general cysteine-reactive
probe iodoacetamide (IA)-alkyne was used to evaluate the reactivity of DMF
across >2400 cysteine residues in a competitive ABPP experiment. Sensitivity of
probe-modified sites to DMF treatment was compared with the non-electrophilic
analogs MMF and DMS (Fig. 4) to determine DMF-specific covalent reactions with
T cell protein targets. The results revealed that DMF, but not MMF or DMS,
inhibited T cell activation at an early stage, and the observed cell biology was
independent of Nrf2 activation or GSH depletion. The unbiased nature of the
isoTOP-ABPP approach revealed that DMF mode of action is via covalent modi-
fication of several proteins with known biochemical or genetic links to T cell

Fig. 4 Chemical structures of dimethyl fumarate (DMF), monomethyl fumarate (MMF), and the
non-electrophilic analog dimethyl succinate (DMS)
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function including protein kinase C theta (PKCh). DMF blocked association of
PKCh with the costimulatory receptor CD28 by perturbing a cysteine site in the C2
domain of this kinase (Blewett et al. 2016).

3.3 ABPP Discovery of New Metabolic Regulators
of T Cell Proliferation

In contrast to the DMF example above, ABPP can also facilitate studies of protein
families without established biology in T cells. Here, we highlight an example of
using ABPP methods to discover a new serine hydrolase (SH) target involved in T
cell proliferation (Adibekian et al. 2011). SHs represent a large and diverse enzyme
class that includes *200 enzymes or 1% of the genes in the human proteome
(Simon and Cravatt 2010; Long and Cravatt 2011). The defining feature of these
enzymes is the activated serine nucleophile, as part of a catalytic triad, in their
active sites to hydrolyze ester, thioester, or amide bonds in a wide range of sub-
strates including small molecules, peptides, and proteins (Simon and Cravatt 2010;
Long and Cravatt 2011). The important biological role of SHs has been exemplified
by several clinical drugs targeting individual SHs to treat human diseases including
obesity (Henness and Perry 2006), diabetes (Thornberry and Weber 2007),
Alzheimer’s disease (Birks et al. 2009), and microbial infections (Kluge and Petter
2010). Despite the disease relevance and the successful bench-to-clinic translations,
the majority of the metabolic SHs remain poorly characterized (Simon and Cravatt
2010; Long and Cravatt 2011). In recent years, chemical proteomic methods such
as ABPP have emerged as a powerful tool to study these unexplored enzymes.

A case in point is a recent study that identified 1,2,3-triazole ureas (1,2,3-TUs,
Fig. 5) as an exceptional chemotype for SH inhibition that offers broad activity
against the SH class with tunable selectivity for individual enzymes (Adibekian
et al. 2011; Hsu et al. 2012, 2013a, b; Yun et al. 2014; Ogasawara et al. 2016; Shin
et al. 2018b). Reporter-tagged fluorophosphonates (FPs) were used as general SH
activity-based probes for these studies because these probes detect a large fraction
of mammalian SHs with negligible cross-reactivity against other enzyme classes
that contain nucleophilic residues (Bachovchin et al. 2010; Jessani et al. 2005;
Okerberg et al. 2005). Competitive ABPP using FP probes was used to discover a
broad-spectrum 1,2,3-TU inhibitor AA26-9, which showed inhibitory activity
against approximately 1/3 of the 40+ SHs detected in immortalized T cell lines.
AA26-9 targets included serine peptidases, lipases, amidases, esterases, and
thioesterases, which suggests that 1,2,3-TUs represent a versatile starting point for
developing inhibitors to probe T cell biology.

Next, a library of 1,2,3-TUs based on AA26-9 was expanded using efficient and
accessible click chemistry and screened for novel SH inhibitors. Among those
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analogs, three inhibitors AA74-1, AA39-2, and AA44-2 stood out with remarkable
potency and specificity for their respective SH targets in mouse T cell proteomes
(Fig. 5). All three compounds exhibited potent inhibitory activity and high selec-
tivity in live T cells; AA74-1 and AA44-2 blocked more than 95% of acyl peptide
hydrolase (APEH) and a,b-hydrolase-11 (ABHD11) activities, respectively, with-
out affecting any of the other 40+ SHs in T cells. AA39-2 displayed similar inhi-
bitory activity against PAFAH2 in T cells and cross-reacted with a single SH
off-target, a,b-hydrolase-6 (ABHD6). Furthermore, treatment with AA74-1 resulted
in near-complete blockade of APEH activity in brain and heart at doses as low as
0.4 mg kg−1 and exhibited high selectivity against the 44 SHs detected in the
mouse brain. Treatment with AA74-1 resulted in accumulation of a panel of
N-acetylated proteins important for T cell proliferation, which helped annotate the
substrate specificity of APEH and positions this enzyme as a promising T cell
metabolic target.

3.4 ABPP Discovery of Proteasome Regulation
of T Cell Fate

ABPP can also be used to elucidate underlying mechanisms that control T cell
lineage fate. It has been recognized that T cells undergo polarized reorganization of
proteins upon activation and this polarization may persist through cell division
(Chang et al. 2007; Yeh et al. 2008). Therefore, asymmetric cell division has been
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Fig. 5 Chemical structures of 1,2,3-TUs that have been optimized by ABPP-guided medicinal
chemistry into selective SH chemical probes for in vivo analysis
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suggested in T cells, which enables a single-parent T cell to produce two daughter
cells that have distinct fates toward the effector and memory lineages (Chang et al.
2007). It remains poorly understood, however, what critical proteins undergo
polarized segregation and unequal partition into progenies for a selected T cell type
and what are the underlying mechanisms.

A recent study provided evidence of a lineage-determining transcription factor,
T-bet, that was unequally partitioned between the two daughter cells in activated
naïve T cells undergoing division (Chang et al. 2011; Lin et al. 2015). This dis-
parity of T-bet is thought to result from asymmetric destruction during mitosis in
the setting of asymmetric distribution of the proteasome, the protein degradation
machinery. The progeny that received less proteasome acquired more T-bet, and
inhibition of polarized segregation of the proteasome or proteasome-dependent
degradation prevented the asymmetric partitioning of T-bet, suggesting that a cell
may unevenly deploy cellular activities during mitosis so as to pass a different
abundance of cell fate regulators to daughter cells.

To examine whether asymmetric localization of the proteasome is associated
with differential rates of T-bet degradation within a mitotic cell, the activity-based
probe, MVB003, was used to probe the degradative activity of the proteasome
(Fig. 6). The MVB003 probe was designed based on the natural product epox-
omicin, which potently inhibits the 20S proteasome via covalent reaction of the
amino-terminal threonine with the epoxyketone electrophile (Groll et al. 2000;
Meng et al. 1999; Sin et al. 1999). The addition of a BODIPY fluorescent tag
converts epoxomicin into a probe for activity-based profiling of the proteasome (Li
et al. 2013) (Fig. 6). The authors discovered using MVB003 and immunofluores-
cence microscopy that activated T cells exhibited unequal proteasome activity
within mitotic T cells. Costaining experiments with activated CD8+ T lymphocytes
indicated that a greater share of T-bet was partitioned into the daughter cell that
received less proteasome. The same asymmetric partitioning of T-bet and protea-
some was also observed in activated CD4+ T lymphocytes.

The findings in this study suggest that both CD8+ and CD4+ daughter T cells
display differential T-bet abundance, which will influence their subsequent fates. By
a similar mechanism of distinct localization of the degradation machinery, other
biomolecules such as transcription factors and cell proliferation regulators could be
inherited by daughter cells with disparity because of asymmetric distribution of the
proteasome. The full landscape of the disparities caused by unequal segregation of
the proteasome remains to be extensively explored. In this regard, ABPP probes
capable of measuring PI3K and mTOR activity [e.g., kinase activity-based probes
(Patricelli et al. 2007, 2011; Shin et al. 2018a)] may help further elucidate out how
unequal transduction of PI3K/AKT/mTOR signaling during cell division bifurcates
transcriptional networks and fates of effector T cells (Lin et al. 2015).
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4 Using ABPP to Probe Immunometabolism in the Tumor
Microenvironment

The field of cancer immunotherapy has seen great excitement recently, primarily
due to the success of immune checkpoint inhibitors, cell therapy with
tumor-infiltrating lymphocytes, and chimeric antigen receptor T cell (CAR-T)
therapy. As therapies for oncology continue to witness a paradigm shift, small
molecules or biological agents that target clinically under-explored immunomod-
ulatory proteins are being actively pursued for potential therapeutic intervention. In
the subsequent sections, we focus on metabolic pathways operating in the tumor
microenvironment that restrain antitumor immunity via extrinsic and intrinsic
mechanisms. Tumors are a metabolically demanding environment that can perturb
metabolism and function of infiltrating T cells through competition for substrates
required to fuel optimal antitumor effector functions (Buck et al. 2017; Chang and
Pearce 2016; Ho et al. 2015; Nakaya et al. 2014). Metabolites produced from these
pathways not only provide energy and building blocks for growth, but also serve as
cellular signals to regulate transcriptional programs that tune T cell function and
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Fig. 6 Chemical structure of a proteasome activity-based probe, MVP003 based on epoxomicin, a
natural product that functions as a cell-permeable, potent, selective, and irreversible proteasome
inhibitor. The epoxyketone functional group enables covalent reaction with the amino-terminal
threonine of the 20S proteasome
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fate. Thus, defining the metabolic pathways and enzymes differentially utilized by
cancer cells and tumor-specific T cells could uncover new “checkpoints” for
immuno-oncology. ABPP can facilitate these efforts because metabolism is regu-
lated by enzyme chemistry that is highly amenable to activity-based profiling
methods.

4.1 Diacylglycerol Signaling as an Intrinsic Regulator
of TCR Activation

Studies have demonstrated that the balance between T cell activation and anergy
(explained in Sect. 2.1) can be controlled by activity of DGKs. There is compelling
evidence in the literature showing that DGKs are key regulators of T cell effector
function (Mérida et al. 2015; Riese et al. 2011) due at least in part to regulation of
Ras signaling. DGKa expression increases in the absence of costimulation and is
high in anergic T cells, and ectopic DGKa overexpression causes an anergic state.
Conversely, anergy can be relieved either by ectopic overexpression of a dominant
negative DGKa mutant or by pharmacological inhibition of DGKa (Zha et al. 2006;
Olenchock et al. 2006). Moreover, T cells from DGKa knockout mice are resistant
to induction of anergy and are hyper-responsive to immune stimulation. Blocking
the activity of DGKa increases Ras activation in T cells, as measured by GTP
loading; overexpression of RasGRP1 or dominant negative Ras overcomes anergy.
An alternative isoform, DGKf, has also been implicated in restraining effector T
cell function directly (Riese et al. 2011), or by promoting Treg development (Joshi
et al. 2013), offering an additional target.

4.1.1 Diacylglycerol Kinase Family and Biochemistry

Diacylglycerol kinases (DGKs) are a family of lipid kinases that regulate cell
biology through ATP-dependent phosphorylation of diacylglycerol (DAG) to form
phosphatidic acid (PA, Fig. 7). Humans express 10 DGK isoforms that are further
classified into five subtypes based on the number and type of regulatory domains
(Mérida et al. 2008; Sakane et al. 2016; Shulga et al. 2011). All DGKs contain at

Fig. 7 Diacylglycerol kinases (DGKs) phosphorylate DAGs to regulate cellular signaling
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least two zinc finger domains (C1A and C1B, Fig. 8), which have been shown in
DGKc and b to respond to phorbol ester (DAG mimetics) stimulation
(Colón-González and Kazanietz 2006). The role of C1 domains in other DGK
isoforms remains poorly understood with respect to catalytic and signaling func-
tions (Shindo et al. 2003).

Type 1 DGKs (a, b, c) contain a lipid kinase domain split into catalytic
(DAGKc) and accessory (DAGKa) regions, a pair of EF-hands, a recoverin
homology domain (RVH), and the C1A/B domains (Fig. 8). The EF-hands bind
Ca2+ and have been shown to activate kinase activity, but various mechanisms of
Ca2+-independent activation of DGKs have been demonstrated including lipid
binding at the C1 domains (Fanani et al. 2004). Type 1 DGK C1s are classified as
typical (DGKb and DGKc) or atypical (DGKa) based on protein sequence
homology with prototypical C1s found in the protein kinase C (PKC) family of Ser/
Thr kinases (Merino et al. 2007). DGKa is highly expressed in T cells, DGKb in
the caudate nucleus, and DGKc in cerebellum according to bio-GPS global mRNA
expression analysis (Wu et al. 2016).

The type 2 DGKs (d, η, j) have the same C1A/B pair, but the DAGKc and
DAGKa regions are separated by a short peptide linker of unknown function. They
are grouped based on the presence of a pleckstrin homology (PH) domain which
bind phosphoinositides (PIP3) and localize proteins to membrane (Hurley and
Misra 2000) (Fig. 8). DGKd also contains a sterile alpha motif (SAM) domain
allowing for interactions with other SAM domain-containing proteins (Stapleton
et al. 1999). DGKj has a region of 33 repeats of the amino acid sequence
Glu-Pro-Ala-Pro referred to as an EPAP domain of poorly defined function (Shulga
et al. 2011). DGKη lacks both the SAM and EPAP domains. DGKd is highly
expressed in T cells as well as B cells and natural killer (NK) cells. DGKj and
DGKη are expressed at low levels in cardiac myocytes.

DGKe is the only type 3 DGK and the smallest of the human DGKs. DGKe
contains a combined DAGKc/DAGKa domain, C1A/B, and a hydrophobic domain
(HD, Fig. 8). The HD domain at the N terminus is proposed to localize DGKe to
the inner membrane of the cell (Jennings et al. 2015). While other DGKs are
expressed as soluble proteins that can associate with membranes, DGKe is
expressed exclusively in the membrane fraction (Franks et al. 2017). DGKe is
highly expressed in the cervical cortical ganglion and the only DGK to show
substrate specificity for DAGs that contain arachidonic acid chains (Lung et al.
2009).

Type 4 DGKs (f, i) contain the combined catalytic DAGKc/DAGKa domain,
C1A/B, a myristoylated alanine-rich C kinase substrate (MARCKS) domain, a
series of four ankyrin repeats, and a PDZ protein–protein interaction domain
(Fig. 8). The MARCKS domain can be phosphorylated by PKC, and this domain in
DGKf also contains a nuclear localization sequence that may facilitate nuclear
localization (Aderem 1992). The ankyrin repeats and the PDZ domain mediate
protein–protein interactions and are often associated with proteins that function as
scaffolds in signaling cascades (Mosavi et al. 2009; Lee and Zheng 2010). DGKf is

Deciphering T Cell Immunometabolism with Activity-Based … 191



highly expressed in T cells, NK cells, CD33+ myeloid cells, prefrontal cortex, and
the amygdala. DGKi is highly expressed in skeletal muscle, medulla oblongata, and
the superior cervical ganglion.

DGKh is the only member of the type 5 subtype with a combined catalytic
DAGKc/DAGKa domain, three C1 domains (C1A/C1B/C1C), PH domain, and a
proline-rich domain (Fig. 8). Proline-rich regions can frequently bind proteins
containing Src homology 3 domains, but it is unclear whether this domain in DGKh
is mediating protein–protein interactions (Tu-Sekine et al. 2016). DGKh is
expressed ubiquitously throughout normal human tissues.

4.1.2 ABPP Discovery of Novel Druggable Sites of DGKs

Development of DGK inhibitors has been hampered by the lack of crystal struc-
tures, chemical scaffolds for medicinal chemistry, and functional assays suited for
measuring DGK activity in vitro and in vivo. Recent efforts using ABPP methods
are revealing new features of the DGK active site that can be leveraged for
development of highly potent and selective inhibitors. Functional insights into
ligand binding in DGK active sites can also clarify how DGKs mediate substrate
recognition and specificity, which will be critical to elucidate isoform-specific
biology in vivo.

To expand knowledge of molecular recognition of DGK active sites, the Hsu
laboratory established a chemoproteomic strategy using kinase ATP acyl phosphate
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and therapeutic potential for various human diseases
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activity-based probes to map substrate and inhibitor binding sites of all five DGK
subtypes (Franks et al. 2017; McCloud et al. 2018) (Fig. 9). Identification of
probe-modified, active-site peptides by quantitative LC-MS indicated that the
DAGKc and DAGKa domains are important components of the DGK active-site in
complex proteomes (Franks et al. 2017). Competition with free ATP resulted in
near-complete blockade of probe binding at both DAGKc and DAGKa domains,
designating DAGKc/DAGKa as a primary ATP binding site (Franks et al. 2017).
A surprising result from these ABPP studies was discovery of a probe-modified,
active-site peptide derived from the atypical C1A domain of DGKa.
Competitive ABPP LC-MS using a non-selective DGK inhibitor (ritanserin, inset
box, Fig. 9) confirmed that C1A and DAGKa were principal ligand-binding sites
for ritanserin and fragments derived from this compound (Franks et al. 2017;
McCloud et al. 2018). These findings raised the intriguing question of whether C1A
and DAGKc/DAGKa were independent ligand-binding sites or if they interact to
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form a single contiguous binding site. Competitive ABPP LC-MS using a
non-selective DGK fragment inhibitor (RLM001) showed equipotent competition
at all three binding sites, providing evidence in support of the C1A, DAGKc, and
DAGKa forming a single contiguous binding site (McCloud et al. 2018).

4.1.3 ABPP Strategies for Discovery of DGK Inhibitors

While high-throughput screening (HTS) has been pursued for developing DGKa
inhibitors (Liu et al. 2016), one of the challenges facing DGK inhibitor develop-
ment is optimization of selectivity against the 500+ human kinases that also utilize
ATP as a common substrate. An alternative to HTS is the use of fragment-based
approaches (Erlanson et al. 2016) for development of DGK inhibitors (Fig. 9). The
power of fragment-based lead discovery includes identification of fragment com-
pounds (<300 Da) that possess ligand-efficient interactions with protein binding
sites that can produce highly selective compounds (Kuntz et al. 1999).
A fragment-based approach for developing DGK inhibitors was first pursued by
deconstruction of ritanserin into a hydrophobic fragment (RF001) and a thia-
zolopyrimidinone (RLM001) (Franks et al. 2017; McCloud et al. 2018). RF001 was
discovered to be more selective than ritanserin, which helped identify a minimal
pharmacophore for selective DGKa inactivation (McCloud et al. 2018). In contrast,
another ritanserin-derived fragment, RLM001, which contained nucleotide-like
structural features, functioned as a general binding element to kinase ATP pockets
and helps explain why the parent molecule ritanserin shows non-specific binding
across the kinome (McCloud et al. 2018). Given the ability of competitive ABPP to
rapidly identify fragment leads (Backus et al. 2016; Hacker et al. 2017; Parker et al.
2017), future efforts will benefit from identification of new DGK fragment binders
that can be optimized along with RF001 by linking, merging, and/or elaboration
strategies to develop potent isoform-selective DGK inhibitors (Erlanson et al.
2016).

4.2 Extrinsic Regulators of T Cell Metabolism

4.2.1 Metabolic Checkpoints in Glycolysis

Activated T cells also undergo a metabolic switch akin to tumor cells and upreg-
ulate aerobic glycolysis to allow differentiation into functional effector T cells. In
addition to supplying energy and building blocks, the glycolytic metabolite phos-
phoenolpyruvate (PEP) is required for sustaining TCR-mediated Ca2+ nuclear factor
of activated T cells (NFAT) signaling and effector functions by suppressing sarco/
ER Ca2+-ATPase (SERCA) activity (Ho et al. 2015). A key glycolytic enzyme that
regulates PEP production is the enolase family (EC 4.2.1.11), which comprises a
family of metal ion-activated enzymes that catalyze the penultimate step in
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glycolysis, which is the conversion of 2-phospho-D-glycerate (2PG) to PEP (Liu
et al. 2000) (Scheme 1). Humans express three isoforms of enolase, namely
non-neuronal enolase (ENO1 or a-ENO) that is expressed in almost all tissues,
neuronal enolase (ENO2 or c-ENO) that is expressed in neuron and neuroendocrine
tissues, and muscle-specific enolase (ENO3 or b-ENO) that is predominantly
expressed in muscle tissues (Lohman and Meyerhof 1934). Enolases are expressed
as homo- or hetero-dimers of a-, b-, or c-subunits with molecular weights between
82 and 100 kDa (Capello et al. 2011).

Interestingly, ENO1 is also expressed as a shorter isoform (myc-binding
protein-1, MBP-1), which localizes to the nucleus and functions as a transcription
factor that regulates gene expression of c-Myc (Subramanian and Miller 2000) and
FOXP3 (De Rosa et al. 2015). MBP-1 binds to the c-Myc promoter and
down-regulates expression of this proto-oncogene (Subramanian and Miller 2000).
In contrast, binding of MBP-1 (and potentially other ENO1 isoforms) is required for
FOXP3 and specifically the FOXP3-E2 splice variant, expression that drives gen-
eration and immunosuppressive activity of human regulatory T cells (Treg cells)
(De Rosa et al. 2015). Thus, enolase has adopted both catalytic (glycolysis) and
non-catalytic (DNA-binding) functions that will be difficult to distinguish using
standard biochemical techniques. Here, the development of activity-based probes
that report on ENO1 activity may permit monitoring of active enolase pools in T
cell subsets and tumor cells, and guide appropriate strategies to perturb the mul-
tifunctional features of this protein. For example, enolase activity-based probes may
identify the appropriate ENO1 isoform to selectively inactivate immunosuppressive
Tregs in tumors as a potential immunotherapy strategy.

Several enolase inhibitors have been reported (Fig. 10) and serve as starting
points for development of enolase activity-based probes. Classical ENO1 inhibitors
were designed largely to mimic either the 2PG substrate or its transition state in the

Scheme 1 Enzymatic reaction of ENO1. Residues are numbered based on X-ray crystal structure
information obtained from yeast variant. The homologous catalytic residues in human ENO1 are
Glu 209 and Lys 342
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dehydration mechanism (Scheme 1). For example, phosphonoacetohydroxamate
(PhAH; Ki = 15 pM) is the most potent ENO1 inhibitor known to date (Anderson
et al. 1984), and it is thought to mimic the acid–carboxylate form of the interme-
diate carbanion in the dehydration reaction. Close analogs of PhAH,
(3-hydroxy-2-nitropropyl)phosphonate (Ki = 6 nM) and (2-phosphonoethyl)nitrolic
acid (Ki = 14 nM), were studied biochemically but not in the context of therapeutic
intervention (Anderson et al. 1984). Racemic SF2312, a natural product-based
“ring-stabilized” analog of PhAH identified using computational modeling of PEP
and 2-PGA in the ENO2 binding site, displays inhibition against both ENO1 (re-
combinant hENO1 IC50 = 38 nM) and ENO2 (recombinant hENO2 IC50 = 43 nM)
(Leonard et al. 2016). A deoxy-SF2312 (a deoxy analog of SF2312) displayed poor
potency (IC50 = 2 µM) compared to SF2312, possibly due to the loss of a key
hydrogen-bonding interaction with a glutamic acid [Glu 166 in the case of human
ENO1 (Leonard et al. 2016)].

As an alternative to designing inhibitors based on substrates, Jung et al. dis-
closed a novel small molecule named ENOblock (Fig. 10) that was identified
through a phenotypic screen to identify molecules that selectively killed cancer cells
in a hypoxic environment (Jung et al. 2013). ENOblock inhibited ENO1 (IC50 =
0.6 µM) and also reduced cancer cell invasion, migration, and metastasis in vivo
(Jung et al. 2013) when tested in HCT116 colon cancer cells. Mechanistically,
ENOblock treatment decreased the expression of AKT and Bcl-xL (target proteins
for cellular responses to hypoxia) and thus reduced the ability of cancer cells to
adapt to hypoxic condition. Further investigations using ABPP methods are needed
to carefully define the selectivity profile of ENOblock [which has recently been
questioned (Satani et al. 2016)] in order to fully understand its target profile and
suitability for probing T cell and/or tumor cell metabolism in vivo.
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4.2.2 Glutamine Dependence for Effector Function

T cells also rely on amino acids, in addition to glucose, for proper function and
survival (Chang and Pearce 2016). Glutamine serves as a reservoir for nitrogen
atoms and a key nutrient for intracellular processes including metabolism, gener-
ation of ATP, and biosynthesis of biomolecules including proteins (Cluntun et al.
2017). Akin to glucose, competition for glutamine in the tumor microenvironment
can block proliferation and cytokine production of T cells. For example, TCR
activation of naïve T cells is coupled with enhanced glutamine uptake that is
dependent on the amino acid transporter ASCT2. In addition, ASCT2 couples TCR
activation with mTORC1 regulation of metabolic signaling, which supports glu-
tamine as an immunomodulatory metabolite (Nakaya et al. 2014).

Glutamine is synthesized from glutamate by glutamine synthetase, whereas the
mitochondrial glutaminase (EC 3.5.1.2) catabolizes glutamine to glutamate.
A simplified pathway for glutamine metabolism is shown in Scheme 2. In the first
step, L-glutamine is hydrolyzed to L-glutamate by glutaminase. Glutamate is
subsequently deaminated by glutamate dehydrogenase to a-ketoglutarate (a-KG), a
key intermediate that revives the tricarboxylic acid (TCA) cycle (citric acid cycle or
Krebs cycle) when the concentrations of citrate fall below the threshold (Lukey
et al. 2013). In tumor cells, the glutamine pathway is upregulated by enhanced
expression of glutaminase and the c-Myc-regulated transporter SLC1A5 that sup-
plies exogenous glutamine. The net effect is acceleration of the glutamine pathway,
which results in excess generation of a-KG (via the formation of glutamate) to drive
the TCA cycle and promote cancer cell proliferation by increasing the production of
ATP, proteins, lipids, and nucleic acids. Thus, glutaminase through its role as a
rate-limiting enzyme in the degradation of glutamine can regulate TCA cycle
anaplerosis (Lukey et al. 2013).

Two isoforms of glutaminase exist in mammals: kidney-type glutaminase (KGA;
encoded by GLS) and liver-type glutaminase (LGA; encoded by GLS2). KGA is
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believed to be an oncogene that is regulated by c-Myc expression, whereas LGA
functions as a tumor suppressor and is a target gene for p53 (Lukey et al. 2013).
KGA is widely distributed in kidney, brain, intestine, fetal liver, lymphocytes, and
transformed cells, whereas LGA is expressed only in periportal hepatocytes of the
postnatal liver. Interestingly, a shorter splice variant of KGA, also called GAC, is
upregulated in many cancers. A correlation between the expression of GAC and the
degree of malignancy, as well as the tumor grade, in breast cancer samples has been
established (Cassago et al. 2012; Wang et al. 2010).

First-generation glutaminase inhibitors (Fig. 11) focused on the identification of
glutamine-mimetic metabolites; however, the clinical utility of these compounds
was limited due to toxicity (Ahluwalia et al. 1990). Compound CB-839 selectively
inhibits both the splice variants of GLS, namely KGA and GAC (recombinant GAC
IC50 = 50 nM), and is over 1000-fold less active toward GLS2. It exerts antipro-
liferative effects against triple-negative breast cancer (TNBC) cell lines HCC1806
and MDA-MB-231CB-839, as well as against AML and lung cancer cell lines
(Gregory et al. 2018; Gross et al. 2014; Momcilovic et al. 2017). Because of its
promising in vivo effects, CB-839 is under investigation in clinical trials for pos-
sible treatment of solid and hematological tumors. The compound BPTES (Fig. 11)
is identified as an allosteric glutaminase inhibitor with an IC50 value of *60 nM
in vitro and *20 µM in cells (Seltzer et al. 2010). X-ray crystallography data
revealed that two molecules of BPTES bind to the glutaminase tetramer and convert
it to an inactive conformation (DeLaBarre et al. 2011). Compound 968, a
cell-permeable allosteric inhibitor with an IC50 of 2.5 µM, blocks the conversion of
inactive glutaminase to active glutaminase by stabilizing the conformation of the
former state (Wang et al. 2010; Katt et al. 2012). Molecular docking experiments
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offered additional insights that this inhibitor binds at the hydrophobic pocket
between the N- and the C-termini (Katt et al. 2012).

The reported glutaminase inhibitors provide a good starting point for developing
novel glutaminase activity-based probes that can serve as reporters of T cell health
in the tumor microenvironment. Given that glutamine is essential for metabolism of
both immune and tumor cells, a combination of ABPP and in vivo tumor
immunology will be needed to determine how cell metabolism can be tuned in
support of T cell effector functions in the complex tumor environment. For
example, glutaminase activity-based probes may enable selection of appropriate T
cell subsets with metabolic phenotypes suitable for vaccination as well as serving as
a biomarker for current immunotherapies.

4.2.3 Immunosuppression by Tryptophan Depletion

Tumors hijack enzymes that contribute to an immunosuppressive tumor microen-
vironment to evade immune responses (Cheong and Sun 2018). Several lines of
study suggest that proliferating tumor cells exploit kynurenine metabolism to
support immune evasion (Cheong and Sun 2018; Hornyak et al. 2018). The
heme-containing enzyme indoleamine 2,3-dioxygenase 1 (IDO1) catalyzes con-
version of L-tryptophan (Trp) to N-formylkynurenine (NFK) in the presence of
molecular oxygen as the first and rate-limiting step in formation of L-Kynurenine
(Efimov et al. 2011; Cheong and Sun 2018) (Scheme 3). The mechanisms of how
kynurenine pathway metabolites contribute to immunosuppression remain an active
area of investigation. Two pathways are proposed. In the first mechanism, which is
based on Trp depletion, a link between Trp depletion and T cells has been estab-
lished: a greater Trp local concentration results in greater activity and proliferation
of T cells; in contrast, lower Trp levels result in T lymphocyte arrest in the G1
phase of the cell cycle. A second mechanism focused on the role of accumulated
Trp catabolites such as 3-hydroxykynurenine, 3-hydroxyanthranilic acid, quinolinic

Scheme 3 IDO1 enzymatic pathway for metabolism of L-tryptophan to produce L-Kynurenine
and associated metabolites
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acid, and picolinic acid which induce differentiation of Treg cells and apoptosis of
effector T cells (Hornyak et al. 2018).

Several classes of IDO1 inhibitors that elicit antitumor effects are published in
the literature (Rohrig et al. 2015) (Fig. 12). Specifically, epacadostat, a hydrox-
yamidine IDO1 inhibitor that is orally bioavailable, potently suppresses tryptophan
metabolism in vitro in CT26 colon carcinoma and PAN02 pancreatic carcinoma
cells (Koblish et al. 2010). In Phase I/II study, this investigational drug showed
favorable overall response rate, disease control rate, and progression-free survival
(Gajewski et al. 2016). The combination of epacadostat and pembrolizumab
(monoclonal anti-PD-1 antibody) was found to be well tolerated, evaluated for
efficacy in patients with unresectable or metastatic melanoma (Gajewski et al.
2016), but ultimately failed in the clinic (NCT02752074). Although the cause of
failure is currently under investigation, development of a IDO1-tailored
activity-based probe could serve as a valuable biomarker for confirming target
engagement with epacadostat in vivo to guide future clinical efforts.

5 Conclusions

In summary, we illustrate how ABPP methods can provide new tools to study T cell
metabolism, signaling, and cell fate. The use of ABPP to identify lipid-sensing
modules of key protein kinases as a principal mechanism of DMF activity in T cells
should help guide development of new immunosuppressive drugs (Blewett et al.
2016). The use of universal serine hydrolase activity-based probes provides
opportunities to discover new protein mediators of T cell proliferation (Adibekian
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et al. 2011). Proteasome activity-based probes are capable of tracking asymmetric
distribution of active proteasomes in daughter cells to uncover regulatory mecha-
nisms of T cell fate (Chang et al. 2011). Thus, ABPP enables interrogation of
specific biology while exploiting conserved enzyme chemistry for global discovery
efforts. Projecting forward, ABPP is poised to tackle the challenge of identifying
aberrant metabolic remodeling events that limit antitumor immunity (e.g., metabolic
checkpoints in glycolysis and lipid phosphorylation) and the development of cor-
responding agents to reprogram T cell metabolism for beneficial and ultimately
therapeutic purposes.
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Abstract Over the last 60 years, poly-ADP-ribose polymerases (PARPs, 17 family
members in humans) have emerged as important regulators of physiology and
disease. Small-molecule inhibitors have been essential tools for unraveling PARP
function, and recently the first PARP inhibitors have been approved for the treat-
ment of various human cancers. However, inhibitors have only been developed for
a few PARPs and in vitro profiling has revealed that many of these exhibit
polypharmacology across the PARP family. In this review, we discuss the history,
development, and current state of the field, highlighting the limitations and
opportunities for PARP inhibitor development.

1 Introduction

1.1 The PARP Family

Poly-ADP-ribose polymerases (PARPs1-16; also known as ADP-ribosyltransferases
or ARTDs) catalyze the transfer of ADP-ribose (ADPr) from nicotinamide adenine
dinucleotide (NAD+) to their target. Most PARPs (PARP3, 4, 6–8, 10–12, 14–16)
transfer a single unit of ADPr onto targets, a process known as mono-ADP-
ribosylation (MARylation) (Fig. 1). Only four PARPs (PARP1, 2, 5a, 5b) have
been shown to transfer multiple units of ADPr onto targets, a process known as
poly-ADP-ribosylation (PARylation) (Fig. 1). In most cases, ADPr is transferred
onto amino acids in proteins; however, recent studies demonstrate that
PARP-mediated ADPr transfer can occur on DNA (Munnur and Ahel 2017;
Belousova et al. 2018). Similar to phosphorylation and other more well-
characterized posttranslational modifications (PTMs), both MARylation and
PARylation are reversible suggesting that these PTMs are dynamic.

Though best known for their role in DNA damage repair, recent studies have
revealed that PARPs play much wider roles in cells: from transcriptional regulation,
miRNA processing, mRNA stability, and nuclear core complex biology to the
unfolded protein response (Bock et al. 2015). Regarding the physiological role of
PARPs, there is a wealth of evidence demonstrating the involvement of PARPs in
the immune system and T cell regulation, which has been well reviewed (Rosado
et al. 2013; Krishnakumar and Kraus 2010; Giansanti et al. 2010). For example,
PARP1, 2, and 14 have been shown to mediate pro-inflammatory responses
(Mehrotra et al. 2013; Zingarelli et al. 1998; Andreone et al. 2003; Bai and Virág
2012). A recent study demonstrates a role of PARP6 in neurodevelopment
(Huang et al. 2016). Lastly, several PARPs are implicated in human diseases; for
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example, PARP14 mediates allergic responses in asthma (Mehrotra et al. 2013) and
is a survival factor in multiple myeloma (Barbarulo et al. 2013) and hepatocellular
carcinoma (Iansante et al. 2015).

1.2 Summary of Review

Despite the rapid expansion of the PARP field in recent years, most PARP family
members that catalyze MARylation are poorly understood. This is due, in part, to
the dearth of small-molecule inhibitors that selectively inhibit PARPs that catalyze
MARylation. In contrast, there are numerous selective inhibitors for PARPs that
catalyze PARylation and these have been useful not only as tools to reveal the
functions of PARylation in the cell, but also validate PARPs as therapeutic targets.
There are currently three FDA-approved PARP inhibitors (olaparib, rucaparib, and
niraparib) that exhibit good selectivity for PARP1/2.

In this review, we discuss the history of PARP inhibitor development, structural
features of PARP inhibitors, PARP inhibitor screening assays, and the current
challenges and opportunities for PARP inhibitor development. For a general review
of ADP-ribosylation and PARP biology, we direct the reader to the following
references (Bock et al. 2015; Bai 2015; Vyas et al. 2014; Kraus 2015; Barkauskaite
et al. 2015; Cohen and Chang 2018; Hottiger et al. 2010). To begin, we will
describe structural features within the PARP catalytic domain.

Fig. 1 PARPs catalyze the transfer of ADPr from NAD+ to target proteins. The majority of
PARPs transfer either a single unit of ADPr, a process known as MARylation, whereas only four
PARP family members transfer multiple units of ADPr, a process known as PARylation
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2 Common and Distinct Features in the Catalytic Domain
of PARPs

2.1 The NAD+ Binding Domain

While the PARP family is diverse in regard to their domain architecture, they all
share a highly conserved catalytic domain known as the ADP-ribosyltransferase
(ART) fold, which binds NAD+ in a conformation optimal for ADPr transfer.
Nearly all PARP inhibitors target the ART fold and are competitive with NAD+.
The key interaction between NAD+ and PARPs has been gleaned from crystal
structures of related ART bacterial toxins (diphtheria, pertussis, cholera, and certain
clostridial toxins) (Hottiger et al. 2010) bound to NAD+(Tsurumura et al. 2013)
(Fig. 2a), and a recent structure of PARP1 bound to benzamide adenine dinu-
cleotide (BAD) (Langelier et al. 2018), a non-hydrolyzable NAD+ analog (Fig. 2b).
Two key interactions between NAD+ and PARPs are the interaction of the exo-
cyclic amide of the nicotinamide moiety with the main chain of a conserved glycine

Fig. 2 Structural features of the NAD+ binding site. a The bacterial toxin ExoA (PDB 2ZIT)
bound to endogenous NAD+ shows how the H-Y-E catalytic triad, A-loop, and D-loop hold NAD+

in the binding site of a protein that catalyzes MARylation; b PARP1 in complex with a
non-hydrolyzable NAD+ analog (PDB 6BHV) closely mirrors the structural interactions of
endogenous NAD+ with ExoA; c Based on these crystal structures a simplified model of key
interactions between NAD+ and the PARP catalytic domain reveals two important regions: the
nicotinamide subsite (green) and the adenosine subsite (orange)
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(Gly863, human PARP1 numbering) and the side chain of a conserved serine (Ser
904, human PARP1 numbering) (Fig. 2c). These interactions are commonly
exploited by PARP inhibitors, as will be illustrated below.

2.2 HYE Versus HYU PARPs

Active PARPs can be divided into two subfamilies based on the sequence of an active site
triad motif in the ART fold (Fig. 2c)—the histidine–tyrosine–glutamate (HYE) PARPs
(PARP1, 2, 3, 4, 5a and 5b) and the histidine–tyrosine–hydrophobic amino acid
(HYU) PARPs (PARP 6–8, 10–12, 14–16) (Hottiger et al. 2010). In both the HYE and
HYU, the conserved histidine forms a hydrogen bond with the 2-OH of the adenosine
ribose and the conserved tyrosine p-stacks with the nicotinamide moiety (Fig. 2c). The
glutamate in the HYE PARPs is necessary but not sufficient for the PARylation activity
of several HYE PARPs (Marsischky et al. 1995; Rolli et al. 1997). HYU PARPs were
recently shown to exclusively catalyze MARylation (Vyas et al. 2014).

2.3 Non-Conserved Loops

In addition to these conserved amino acids, there are two loop regions in the ART
fold that are less well conserved yet thought to be critical for catalysis and NAD+

binding: the acceptor loop (A-loop) and the donor-loop (D-loop) (Fig. 2a–c). The
A-loop varies widely in terms of length and amino acid composition across the
PARP family and is thought to interact with PARP substrates (Fig. 2c). The D-loop
is a variable region that interacts with the ADPr moiety of NAD+ (Fig. 2a–c). Based
on mutagenesis studies of the related bacterial ARTs, the D-loop in PARPs is
thought to be necessary for NAD+ binding and ADPr transfer (Pinto and Schüler
2015). The high variability of the A-loop and D-loop of PARPs could be exploited
for the design of isoform-selective inhibitors.

3 Early Developments in the Field: Initial Focus
on Small-Molecule Inhibitors of PARP1

3.1 The Founding PARP Inhibitors

Interest in PARP inhibitors emerged in the early 1980s following the discovery of
PARP1, the most ubiquitous and abundant PARP family member (Fig. 3). The
first-described PARP1 inhibitors focused on targeting the nicotinamide subsite and
were simple biomimetics of nicotinamide such as 3-aminobenzamide (3-AB)
(Purnell and Whish 1980) (Fig. 4), which inhibits PARP1 with a half-maximal
inhibitory concentration (IC50) * 10 µM. These inhibitors played a crucial role in
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elucidating the role of PARP1 in DNA damage repair. Consistent with their role in
DNA damage repair, these first-generation PARP inhibitors were shown to
potentiate the cytotoxicity induced by DNA damaging agents in cancer cells
(Purnell and Whish 1980; Nduka et al. 1980; Durrant and Boyle 1982). During the
next two decades, significant advances were made in PARP inhibitor development,
and by the mid-2000s inhibitors with nanomolar IC50 values against PARP1, and
the closely related PARP2, were identified.

Fig. 3 Timeline of PARP inhibitor development
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3.2 PARP1/2 Identified as Therapeutic Targets in Cancer

In 2005, two seminal papers demonstrated that potent PARP1/2 inhibitors induce
synthetic lethality in BRCA-deficient cancers by blocking PARP1 mediated DNA
repair pathways (Farmer et al. 2005; Bryant et al. 2005). These studies motivated
the development of PARP1/2 inhibitors as adjuvants with DNA damaging reagents

Fig. 4 Structures of common PARP inhibitors and their classifications
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or as single agents in cancers that have defects in the DNA repair machinery. First
disclosed in 2008, the potent PARP1/2 inhibitor olaparib (Fig. 4) effectively killed
BRCA-deficient cancer cells at low nanomolar concentrations (Menear et al. 2008).
In 2009, Fong et al. published the first Phase 1 trial of olaparib reporting its
antitumor effects in BRCA1/2 mutated cancer (Fong et al. 2009), and in 2014
olaparib became the first FDA-approved PARP inhibitor. Since then off-label and
approved uses of olaparib have expanded beyond its original approval as a
monotherapy for BRCA-deficient ovarian cancers to include prostate cancer and
germ line mutated metastatic breast cancer. Following the FDA approval of ola-
parib, two more potent PARP1/2 inhibitors have entered the clinic: rucaparib in
2016 and niraparib in 2017 (Fig. 4).

These FDA-approved PARP inhibitors have shifted the paradigm for cancer
treatment. Because they exploit synthetic lethality they are relatively non-toxic to
normal cells, thus avoiding many of the side effects of frontline chemotherapeutics.
For a thorough review of PARP1 history, biology, and inhibitors see the following
references (Kraus 2015; Ferraris 2010; Feng et al. 2015). For a recent review of the
clinical applications of PARP1/2 inhibitors including olaparib, rucaparib, and
niraparib, see the following references (Ohmoto and Yachida 2017; Mariappan
et al. 2017).

4 Moving Beyond PARP1/2

4.1 Forward Chemical Genetic Screen Identifies
a Small-Molecule Inhibitor of PARP5a/b

In contrast to the targeted approach used to identify potent and selective inhibitors
of PARP1/2, the first inhibitor of the other PAR-generating PARPs, PARP5a/b
(also known as tankyrase 1/2), was identified in a forward chemical genetic screen
focused on identifying inhibitors of Wnt/b-catenin signaling (Huang et al. 2009).
A small molecule, XAV939 (Fig. 4), was found to induce degradation of b-catenin
by stabilizing axin, thereby blocking b-catenin-mediated transcription (Huang et al.
2009). Using an immobilized, active analog of XAV939, it was shown that the
target of XAV939 is PARP5a/b (Huang et al. 2009). XAV939 potently inhibits the
activity of PARP5a/b-mediated PARylation, and later structural studies demonstrate
that XAV939 binds to the nicotinamide subsite in PARP5a (Fig. 5f) (Karlberg et al.
2010). Knockdown of PARP5a/b phenocopied the effects of XAV939 on axin
stabilization, providing evidence that PARP5a/b are the targets of XAV939 (Huang
et al. 2009). In this same study, the authors showed that a previously described
axin-stabilizing compound, IWR-1-endo, also potently inhibited PARP5a/
b-mediated PARylation, suggesting that this compound stabilizes axin by inhibit-
ing PARP5a/b catalytic activity (Huang et al. 2009). Intriguingly, structural studies
show IWR-1-endo binds exclusively to the adenosine subsite, which at the time,
was the first example of this type if binding mode to a PARP (Narwal et al. 2012).
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Since this study, several academic and industry efforts have led to the devel-
opment of more potent and selective PARP5a/b inhibitors, including G007-LK
(Fig. 4) (Menear et al. 2008), which targets the adenosine subsite of the NAD+

binding pocket (Fig. 5). This compound as well as structurally unrelated PARP5a/b
inhibitors have been invaluable tools for uncovering the roles of PARP5a/
b-mediated PARylation in cells and show promise as anticancer drugs (Vyas et al.
2014; Zhan et al. 2014; Kamal et al. 2014).

4.2 A Dearth of Selective and Potent Inhibitors
for the HYU PARP Subfamily

Historically, PARP inhibitor design has focused on PARP1/2 and PARP5a/b with
comparatively little attention given to the rest of the family, and in particular to the
HYU PARPs. Recent years have seen a growing interest in the HYU PARP sub-
family and a subsequent increase in HYU PARP inhibitor development. Of particular
interest to many in drug discovery research has been PARP14 because of its role in
several pathologies including asthma (Mehrotra et al. 2013), multiple myeloma
(Barbarulo et al. 2013), and hepatocellular carcinoma (Iansante et al. 2015).
Promising inhibitors of PARP14 have been published by Upton et al. (e.g. 4s, Fig. 4)
(Upton et al. 2017) and Yoneyama-Hirozane et al. at Takeda Pharmaceuticals

Fig. 5 Different small molecules access different regions of the NAD+ binding pocket. a PARP1
in complex with niraparib (PDB 4R6E); b PARP1 in complex with rucaparib (PDB 4RV6);
b PARP2 in complex with olaparib (PDB 4TVJ); d PARP5b in complex with EB-47 (PDB 4TK5);
e PARP5b in complex with IWR-1-endo (PDB 3UA9); f PARP5b in complex with G007-LK;
g PARP10 in complex with 3-aminobenzamide (PDB 3HKV); h PARP14 in complex with
3-aminobenzamide (PDB 3GOY); i PARP14 in complex with compound 4s (PDB 5NQE)
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(Compound 1 and 2, Fig. 3) (Yoneyama-Hirozane et al. 2017). Upton et al. expanded
on a previously identified small-molecule inhibitor of PARP14 (Andersson et al.
2012; Ekblad et al. 2015) based on 3-AB to develop potent but non-selective
PARP14 inhibitors containing cis-maleic amide substituents emanating from the
3-amino group of the 3-AB scaffold (Upton et al. 2017). Though originally designed
to interact with the D-loop and adenosine subsite, crystal structure analysis of 4s
shows that the cis-maleic amide substituent accesses an induced pocket adjacent to
the NAD+ binding site (further discussion below). Yoneyama-Hirozane et al.
screened a small-molecule library to identify two compounds (Compound 1 and 2,
Fig. 4) based on divergent scaffolds that showed potent PARP14 inhibition and no
activity against PARP1 up to 25 µM (Yoneyama-Hirozane et al. 2017). Though
untested against the majority of the PARP family, these scaffolds are promising
starting points for further development of PARP14 inhibitors.

There have been some efforts to generate selective inhibitors for other HYU
PARPs. For example, a mono-selective inhibitor of PARP10 was developed using a
chemical genetic strategy (Fig. 4; Morgan et al. 2015). A screen of a small-molecule
library from the National Cancer Institute led to the discovery of a PARP10 inhibitor
(OUL35, Fig. 4) (Venkannagari et al. 2016). OUL35, an ether linked dimer of ben-
zamide, appears to exhibit some selectivity for PARP10 when tested against several
other PARP family members. Recently, a PARP11 inhibitor (ITK7, Fig. 4) with low
nano-molar potency and greater than 200-fold selectivity over the entire PARP family
was reported. This inhibitor was used to elucidate the connection between the catalytic
activity of PARP11 its localization to the nuclear pore (Kirby et al. 2018).

A number of non-selective PARP inhibitors and promising scaffolds have been
described, but broadly speaking these compounds lack the selectivity or potency
necessary for use as probes for exploring the individual role of HYU PARPs in cells
(Wahlberg et al. 2012; Thorsell et al. 2017).

5 Structural Studies of PARP Inhibitors: Insights
into Inhibitor Potency and Selectivity

Structural studies of PARPs bound to various inhibitors have provided insight into
inhibitor potency and selectivity and have been useful for structure-based design
efforts. Here we discuss a few of these structures. The majority of structural studies
have focused on HYE PARPs, such as PARP1 and PARP5a/b (Fig. 5).

5.1 Structural Studies of HYE PARP Inhibitors

The three FDA-approved inhibitors olaparib, rucaparib, and niraparib all share
similar binding modes to PARP1/2 despite their divergent scaffolds (Figs. 4, 5a–c).
A common and seemingly essential feature among these inhibitors is the interaction
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of an amide moiety (nicotinamide mimic) with the backbone glycine and side chain
of an active site serine, which mimics the hydrogen bonding interaction observed
with the nicotinamide of NAD+ (Figs. 2c, 5a–c). Additionally, these inhibitors
contain various substituents that engage with, to varying degrees, the D-loop and
adenosine subsite (Fig. 5a–c).

Another potent PARP inhibitor, EB47, which is designed to mimic the full
NAD+ structure, occupies both the nicotinamide and adenosine subsites of PARP5b
(Fig. 5d). Unsurprisingly, this molecule is not specific for PARP5b and has been
shown to bind to several PARPs (Wahlberg et al. 2012). By contrast, two PARP5a/
b inhibitors, IWR-1-endo and G007-LK, which do not contain nicotinamide
mimics, exclusively occupy the adenosine subsite (Fig. 5e, f). PARP inhibitors that
target the adenosine subsite but not the nicotinamide subsite are still fairly
uncommon, and their efficacy against HYU PARPs has not been explored.

5.2 Structural Studies of HYU PARP Inhibitors

In recent years, greater attention has been given to the HYU PARPs, though inhibitors
and crystal structures remain relatively rare by comparison to the better characterized
HYE PARP family members. Some of the first reported crystal structures of HYU
PARPs were PARP10 and PARP14 bound to 3-aminobenzamide (3-AB). As
expected, 3-AB binds in the nicotinamide subsite in PARP10 and PARP14 andmakes
the same interactions with the conserved glycine backbone as the benzamide moiety
of BAD bound to PARP1 (Fig. 5h, i). The PARP14 inhibitors mentioned above,
which extend substituents from the 3-amino position of the 3-AB scaffold, occupy a
unique, induced pocket in PARP14. The crystal structure of one of these compounds
(4s) shows that 3-AB binds in the nicotinamide subsite as expected, but that the
cis-maleic amide substituent emanating from 3-amino position reaches into a nascent
pocket (near the A-loop) that likely results from a compound-induced movement of
the D-loop (Fig. 5j). This finding reveals a new pocket in PARP14, and perhaps other
HYU PARPs that could be targeted by other inhibitors.

5.3 Pharmacophore for PARP Inhibitors

From these structures, we can construct a model to summarize known inhibitor
interactions with the NAD+ binding pocket, which can guide future PARP inhibitor
development (Fig. 6). A crucial feature of many PARP inhibitors is mimicking the
interaction between the nicotinamide moiety of NAD+ and the backbone glycine
and side chain of an active site serine. Indeed, a wide range of scaffolds exploiting
this interaction have been developed into successful PARP inhibitors. Targeting the
nicotinamide site in concert with the adenosine subsite and D-loop appears optimal
for potent PARP inhibition; however, many of these inhibitors are not selective
(more on this below). Exclusively targeting the adenosine subsite, as has been
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shown for PARP5a/b, may result in more selective PARP inhibitors. Lastly, D-loop
disrupting compounds (e.g., 4s) that can induce unique pockets outside the
nicotinamide and adenosine subsites may turn out to be a generalizable approach
for generating potent and selective PARP inhibitors.

6 Chemical and Biological Reagents for Measuring PARP
Activity

6.1 NAD+ Analogs for In Vitro Analysis

As described above, PARPs use NAD+ as a substrate to mediate PARylation or
MARylation. Historically, PARP activity was measured using radioactive NAD+

(e.g., adenylate phosphate-[32P] NAD+) (Surowy and Berger 1985) or using
biotin-NAD+ (Zhang and Snyder 1992) (Fig. 7).Compared to [32P] NAD+,
biotin-NAD+ can be used for identifying P/MARylated targets (Narendja and
Sauermann 1994). Other NAD+ analogs include N-6-etheno-NAD+ (Barrio et al.
1972), a fluorescent NAD+ analog, andADP-ribose-p-nitrophenoxy (Oei et al. 1999),
an analog in which the nicotinamide is replace with a p-nitrophenol for use in col-
orimetric assays (Fig. 7). Additionally, various “clickable” NAD+ analogs have
recently been developed, which contain an alkyne at various positions on the ade-
nosine ring of NAD+ (Fig. 7) (Jiang et al. 2010; Wallrodt et al. 2016; Wang et al.
2014; Carter-O’Connell et al. 2014). These clickableNAD+ analogs can be coupled to
a fluorescent-azide (visualize) or biotin-azide (visualize and identify) via the
Huisgen 1,3-Dipolar Cycloaddition (“click reaction”).

Fig. 6 Major structural interactions of known PARP inhibitors with the NAD+ binding pocket.
Crystal structures of known PARP inhibitors demonstrate how various small molecules can exploit
different features in the nicotinamide and adenosine subsites in the NAD+ binding pocket
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6.2 Detection Methods with Endogenous NAD+

In addition to using NAD+ analogs, several other strategies for detecting
PARylation or MARylation have been described. For PARylation detection, the
most commonly used reagents are antibodies that specifically recognize PARylated
substrates (e.g. 10H) (Kawamitsu et al. 1984; Meyer and Hilz 1986; Küpper et al.
1996). Recently, protein-based reagents for detecting both PARylated and
MARylated proteins have been described. These reagents consist of domains that
recognize either ADPr (e.g., macro domain) or poly-ADPr (e.g., WWE domain)
fused to Fc (Gibson et al. 2017). These reagents have been used in Western blot
experiments as well as plate-based assays, as well as pull-down experiments.
Lastly, an aminooxy-alkyne probe (AO-alkyne, Fig. 7) was described, which can

Fig. 7 Various NAD+ analogs and probes have been developed to monitor PARP activity. Salient
modifications to NAD+ are highlighted in green
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readily detect proteins that are P/MARylated on acidic amino acids. AO-alkyne can
also be used in cells for detecting cellular PARylation and MARylation (Morgan
and Cohen 2015).

7 Assessing PARP Inhibitor Selectivity Across the PARP
Family

7.1 Profiling Using Protein Stabilization Reveals Lack
of Selectivity of Many PARP Inhibitors

Arguably the most important aspect of inhibitor development is assessing its target
selectivity. Among other things, this is essential for understanding any cell-based or
in vivo studies conducted with an inhibitor. Unfortunately, there are few studies that
assess PARP inhibitor selectivity across multiple PARP family members, let alone
the entire PARP family. One of the first examples of profiling inhibitor selectivity
across multiple PARP family members was described in 2012. In this study, known
and potential PARP inhibitors were screened against 13 PARPs using differential
scanning fluorimetry (DSF), which assesses whether a compound can stabilize
proteins (Wahlberg et al. 2012). One of the main findings of this study was that
compounds previously described as selective PARP1/2 inhibitors, such as veliparib,
rucaparib, and olaparib, stabilize several other HYE PARPs suggesting that these
compounds may not be as selective as previously thought. In general, most of the
known PARP inhibitors did not stabilize HYU PARPs, suggesting that they would
not inhibit these PARPs. While this study provided the first insight into PARP
inhibitor selectivity, DSF only assesses whether these PARP inhibitors can stabilize
PARPs, which does not necessarily correlate with inhibition of catalytic activity.

7.2 Polypharmacology Among PARP Inhibitors

Recently, a high throughput 96-well-plate-based ADP-ribosylation assay using
biotin-NAD+ was used for screening known PARP inhibitors against 11 PARP
family members (Thorsell et al. 2017), most of which were the same PARPs used in
the DSF study. In general, there was reasonable agreement between the
ADP-ribosylation activity study and the DSF study, although the DSF study
slightly overestimated PARP inhibitor selectivity. The selectivity profile of various
PARP inhibitors is summarized in a heat map shown in Fig. 8 (Voronkov et al.
2013; Upton et al. 2017; Thorsell et al. 2017; Huang et al. 2009; Ishida et al. 2006;
Papeo et al. 2014; Kirby et al. 2018). There are several important findings worth
noting: 1. veliparib appears to be the most potent and selective PARP1/2 inhibitor,
exhibiting greater than 100-fold selectivity for PARP1/2 versus other PARPs; 2.
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XAV939, which was previously described as selective inhibitor of PARP5a/b,
potently inhibits PARP1 and PARP2, whereas IWR-1 is highly selective for
PARP5a/b; 3. rucaparib and olaparib, while most selective for PARP1 and PARP2,
inhibit several other PARP family members with sub-micromolar IC50 values.

While a comprehensive assay for screening inhibitors across the entire PARP
family is still needed to fully assess family-wide PARP inhibitor selectivity, these
findings have several important implications for interpreting results from cell-based
experiments using these compounds. For example, a PubMed search reveals that
many papers describe studies using XAV939 in cell-based assays at concentrations
that also inhibit PARP1 and PARP2, making it difficult to conclude that the effects
of the compound were in fact due to PARP5a/b inhibition. For selective inhibition
of PARP5a/b in cells the adenosine pocket binders IWR-1 or G007-LK are better
options in our opinion.

Lastly, these findings have important implications for evaluating PARP inhibi-
tors in a clinical setting for cancer treatment. The different selectivity profiles of the
three FDA-approved PARP inhibitors (Fig. 8) could potentially contribute to effi-
cacy and/or toxicity. Knowing the selectivity profiles will help assess the effec-
tiveness of polypharmacology for certain cancers.

Fig. 8 Heat map showing the known IC50 values of PARP inhibitors shown in Fig. 3. The IC50

values used to generate this heat map derived from serval sources, as referenced in the text. In
gray: values unknown
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8 Conclusions and Future Directions

The growing interest in PARPs should catalyze the development of selective PARP
inhibitors to use as tools for uncovering the role of PARPs in cells and as potential
therapeutics. The multifarious PARP-inhibitor structures available should guide the
design of the next generation of more potent and selective inhibitors, especially for
the HYU PARP subfamily for which is there a dearth of inhibitors. Exploiting
differences in the variable A-loop or D-loop or targeting regions outside the NAD+-
binding site may provide strategies for the ultimate goal of generating potent and
selective inhibitors for every PARP family member. Covalent inhibitors that target
non-conserved nucleophilic amino acids are another potential strategy for the
design of potent and selective inhibitors. With the exception of some early work
(Watson et al. 1998), this inhibition strategy has not been pursued.

As new PARP inhibitors continue to be developed, it will be important to
standardize in vitro PARP inhibitor screening assays. This is essential for com-
paring IC50 values, which depend on the concentration of NAD+ or NAD+ analog,
obtained in different labs. Another consideration is the use of co-activators. PARP1,
for example, requires single-stranded DNA for activation, whereas as PARP2 and
PARP3 are optimally activated by 5’-phosphorylated double strand nicked DNA
(Langelier et al. 2014). Most assays assessing PARP activity have focused on
auto-P/MARylation; however, PARPs can also trans-P/MARylate targets in a cel-
lular context (Carter-O’Connell et al. 2016; Gibson et al. 2016). It will be important
to incorporate this into in vitro assays as auto-modification versus
trans-modification may yield different inhibition profiles. In some cases,
co-activators may be required for optimal trans-P/MARylation. For example,
recently, it was shown that histone PARylation factor 1 (HPF1), which binds to
PARP1, promotes PARP1 trans-PARylation of histones on serines (Gibbs-Seymour
et al. 2016). Whether protein co-activators exist for other PARP family members is
unclear, but as we learn more about PARP activation mechanisms these will need to
be incorporated into in vitro PARP inhibitor screening assays.

Approaches to broadly assess PARP selectivity in a cellular context are des-
perately needed. Chemical proteomics approaches using resin bound PARP inhi-
bitors is one potential strategy. This approach has the ability to identify potential
non-PARP targets. Indeed, a recent study using resin bound olaparib, veliparib,
rucaparib, and niraparib revealed that rucaparib and niraparib also target
hexose-6-Phosphate Dehydrogenase (H6PD) and Deoxycytidine kinase (DCK), and
inhibition of these targets may be clinically relevant (Knezevic et al. 2016). This
chemical proteomics approach could also be used to profile PARP inhibitors in cell
lysates, similar to the way Kinobeads have been used to profile kinase inhibitors
(Golkowski et al. 2014); however, this approach requires a pan-PARP inhibitor
with good potency, which unfortunately does not currently exist. Another approach
could be to use activity-based protein profiling (ABPP), which exploits a conserved
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nucleophile in an enzyme active site for the development of a broad-spectrum probe
for screening inhibitors across an enzyme family in cell lysates or cells (Cravatt
et al. 2008). Such an approach for PARPs could be quite useful for profiling PARP
inhibitors in a cellular context.
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Abstract Protein arginine deiminases (PADs) catalyze the post-translational
deimination of peptidyl arginine to form peptidyl citrulline. This modification is
increased in multiple inflammatory diseases and in certain cancers. PADs regulate a
variety of signaling pathways including apoptosis, terminal differentiation, and
transcriptional regulation. Activity-based protein profiling (ABPP) probes have
been developed to understand the role of the PADs in vivo and to investigate the
effect of protein citrullination in various pathological conditions. Furthermore, these
ABPPs have been utilized as a platform for high-throughput inhibitor discovery.
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This review will showcase the development of ABPPs targeting the PADs. In
addition, it provides a brief overview of PAD structure and function along with
recent advances in PAD inhibitor development.

1 Introduction

Protein citrullination was first described by Rogers and Simmonds in 1958 (Fig. 1a)
(Rogers and Simmonds 1958). This post-translational modification (PTM) converts
an arginine residue into a citrulline via hydrolysis of the guanidinium group in a
so-called deimination reaction.

This PTM is generated by a family of calcium-dependent enzymes called protein
arginine deiminases (PADs) (Bicker and Thompson 2013; Fuhrmann et al. 2015;
Fuhrmann and Thompson 2016). There are five human PADs, i.e., PAD1, PAD2,
PAD3, PAD4, and PAD6, of which only PADs 1–4 are catalytically active
(Raijmakers et al. 2007; Taki et al. 2011; Witalison et al. 2015). These isozymes,

Fig. 1 a PAD-catalyzed hydrolysis of peptidyl arginine to peptidyl citrulline. b Backbone
conformation of PAD2 showing both the apo and holo forms that is generated upon calcium
binding. The structural change due to calcium binding is clearly evident in the catalytic domain
(green), which harbors the catalytic cysteine C647 (shown in red in the catalytic domain). c Crystal
structure of PAD4 C654A protomer bound to the substrate BAA (PDB code 1WDA). d Co-crystal
structure of BB-F-amidine (5a) bounds to PAD4 (PDB code 5N0 M). e Proposed catalytic
mechanism for PAD4
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which share 50–55% sequence identity within the same species (Arita et al. 2004),
are found in a myriad of cells and tissue types. PAD1 is highly expressed in
epidermis and uterus and is thought to citrullinate keratins and filaggrins during
skin keratinization (Ishida-Yamamoto et al. 2002; Senshu et al. 1996). PAD2 is
distributed in various tissues and is abundant in muscles and brain (Moscarello et al.
2002). PAD3 is found in hair follicles and epidermis (Rogers et al. 1997), whereas
PAD4 is expressed in neutrophils, granulocytes and macrophages (Nakashima et al.
1999). PAD6 is only found in oocytes and embryos (Esposito et al. 2007). In
addition to their localization in the cytoplasm, PAD1, PAD2, and PAD4 also
localize to the nucleus where they citrullinate histones and other
chromatin-associated proteins (Cherrington et al. 2010; Fuhrmann et al. 2015; Jang
et al. 2011; Kan et al. 2012; Lewallen et al. 2015).

Citrullination can have profound effects on the primary, secondary, and tertiary
structures of proteins due to the loss of a positive charge. Additionally, this PTM
can result in the loss of protein–protein or protein–DNA interactions with conse-
quent effects on cell signaling (Clancy et al. 2017; Fuhrmann et al. 2015; Lewis and
Nacht 2016). Notably, the PADs regulate various biological processes, including
myelination, cell differentiation, gene regulation, and the innate immune response
(Bicker and Thompson, 2013; Christophorou et al. 2014; Li et al. 2010; Nauseef
and Borregaard, 2014; Senshu et al. 1996; Slade et al. 2014). Additionally, aberrant
PAD activity can lead to protein hypercitrullination, which is a hallmark of various
inflammatory and neurodegenerative disorders (Jang et al. 2008; Jones et al. 2009;
Khandpur et al. 2013; Knight et al. 2013, 2014; Leffler et al. 2012; Musse et al.
2008).

Specifically, citrullination occurs during NETosis, a proinflammatory form of
cell death that is aberrantly upregulated in numerous autoimmune diseases
including RA, atherosclerosis, and lupus (Khandpur et al. 2013; Knight et al. 2013,
2014). Protein citrullination is also elevated in luminal breast cancer, multiple
sclerosis and certain inflammatory diseases (Jones et al. 2009; McElwee et al. 2012;
Moscarello et al. 2002; Zhang et al. 2012). Importantly, inhibition of PAD2 in
breast cancer cell lines decreases disease progression by increasing apoptosis
(McElwee et al. 2012). Recently, PAD1 was shown to be overexpressed in human
triple-negative breast cancer lines (e.g., MDA-MB-231 cells) as well as in xenograft
mouse models and its inhibition resulted in reduced cell proliferation and metastasis
(Qin et al. 2017). PAD2 and PAD4 are also activated in the central nervous system
(CNS) during neurodegenerative processes and are observed to be co-localized in
regions of degraded neurons in Alzheimer’s patients (Acharya et al. 2012; Ishigami
et al. 2005). The distinct roles of the PADs in various pathophysiologic states are
quite alarming, and there is a pressing need to develop isozyme-specific inhibitors
to be used as therapeutics and probes to decipher the physiological roles of these
enzymes in various disease states. This review will focus on the discovery and
development of PAD-targeted ABPPs. It will also provide a brief overview of the
structure and function of the PADs and recent progress in PAD inhibitor
development.
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2 PAD Structure and Function

2.1 PAD Structures

One of the major advances that aided the development of PAD inhibitors and
activity-based probes was the determination of high-resolution X-ray crystal structures
for PAD1, PAD2, and PAD4 (Arita et al. 2004; Saijo et al. 2016; Slade et al. 2015).
PADs contain an a/b propeller domain located in the C-terminal lobe that harbors the
active site. The N-terminal domain is comprised of two immunoglobulin-like subdo-
mains that are proposed to be important for protein–protein interactions and for sub-
strate selection (Fig. 1b) (Arita et al. 2004; Fuhrmann et al. 2015). Crystal structures of
both the inactive (apo, calcium-free) and active (holo, calcium-bound) states of PAD2
and PAD4 have been reported confirming that calcium binding is required to form a
catalytically competent active site (Fig. 1b). A significant difference between the apo
and holo states is the position of the catalytic cysteine (C647 in PAD2 and C645 in
PAD4), which moves � 10 Å into the active site upon calcium binding (Fig. 1b–d).
From a careful analysis of the crystal structures, we know that PAD1, PAD2, and PAD4
bind four, six, and five calcium ions, respectively—PAD1 lacks Ca5 and PAD2 has a
unique sixth site, i.e., Ca6. Based on calcium titration experiments with PAD2, we
know that Ca1 and Ca6 are tightly and constitutively bound to PAD2. Ca3, Ca4, and
Ca5 bind next and trigger a conformational change that generates the Ca2-binding site.
Ca2 binding then triggers a conformational change that moves C647, as well asW347,
into catalytically competent conformations (Slade et al. 2015).

2.2 PAD Substrate Recognition and Catalytic Mechanism

PADs are highly selective in citrullinating peptidyl arginine over free arginine
(Knuckley et al. 2010a). However, not all arginine residues are equally citrullinated
by the PADs. Evidence suggests that PADs preferentially catalyze the citrullination
of arginine residues present in a b-turn or in specific loops as compared to other
secondary structure elements in a protein (Knuckley et al. 2010a; Tarcsa et al.
1996). PADs are also known to catalyze the citrullination of arginine containing
small peptides. A structure of the PAD4 (C645A) bound to benzoyl-L-arginine
amide (BAA) depicts the key residues that interact with the substrate (Arita et al.
2004). As shown in Fig. 1c, D473 and D350 make salt bridges with the guani-
dinium group of the substrate, C645A is positioned for nucleophilic attack, and
H471 is involved in general acid/base catalysis. The methylene groups of the
substrate side chain make hydrophobic interactions with W347 and V469. R374
makes hydrogen bonding interactions with the backbone carbonyl group of the
substrate. This is a notable interaction as it confers specificity toward peptidyl
arginine as opposed to free arginine, which lacks an amide bond. This observation
was further confirmed by crystal structures of PAD4 bound to various histone
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substrate peptides, which illustrated that most of the interactions occur between the
backbone carbonyl groups of the substrate and the side chain of the active-site
residues (Arita et al. 2006). The lack of relevant interactions between the side chain
of protein substrates and PAD4 is consistent with the broad substrate scope of
PAD4. The substrate scope of the other PADs is similarly broad suggesting that
substrate recognition is driven primarily by sequence context rather than key side
chain interactions.

Based on the available crystal structures and biochemical experiments (Arita et al.
2004; Knuckley et al. 2007, 2010a, b), we proposed that PAD4 catalyzes citrulli-
nation via attack on the guanidinium carbon by a nucleophilic cysteine thiolate,
which results in the formation of a tetrahedral intermediate (Fig. 1e). Proton transfer
from H471 stabilizes the positively charged intermediate via interactions with D350
and D473 (Knuckley et al. 2010b). Collapse of the intermediate generates an S-
alkylthiouronium intermediate that is ultimately hydrolyzed by water via a second
tetrahedral intermediate. The thiol group in the catalytic cysteine needs to be
deprotonated for optimal enzyme activity. Based on pH-dependent kinetic inacti-
vation studies, the pKa of this cysteine was calculated to be *8.3 when iodoac-
etamide was used as the thiol-reactive reagent (Dreyton et al. 2014b; Knuckley et al.
2007, 2010a, b). This data coupled with the observation of an inverse solvent isotope
effect on kcat/Km supports the notion that PAD4 (as well as PADs 1 and 3) uses a
reverse protonation mechanism. Further supporting this mechanism is the fact that
2-chloroacetamidine, a positively charged thiol-reactive compound, does not depress
the pKa of C645 in PAD4 (Knuckley et al. 2010b). By contrast, 2-chloroacetamidine
does depress the pKa of C647 in PAD2 (pKa * 7.2) (Dreyton et al. 2014b). This
data along with a normal solvent isotope effect indicates that PAD2 uses a substrate
assisted mechanism of thiol deprotonation (Dreyton et al. 2014b).

3 PAD Inhibitors

Over the past several years, numerous PAD inhibitors have been developed. These
compounds include both reversible and irreversible inhibitors with decent potencies
and selectivities. The mechanisms of action have been extensively studied using
biochemical and X-ray crystallographic techniques. This section will provide an
overview of both reversible (non-covalent) and irreversible (covalent) PAD
inhibitors.

3.1 Reversible PAD Inhibitors

Taxol (pacitaxel) was discovered as a weak non-competitive inhibitor (Ki = 4–
10 mM) of PAD4 by Pritzker and Moscarello two decades ago. This finding
sparked the beginning of further PAD inhibitor development (Pritzker and
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Moscarello 1998). Knuckley et al. later discovered streptomycin (Ki * 0.56 mM),
minocycline (Ki * 0.63 mM), and chlorotetracycline (Ki * 0.11 mM) as rela-
tively potent inhibitors of PAD4 (Knuckley et al. 2008). Recently, Lewis et al.
reported the development of highly potent reversible inhibitors that are selective for
the apo form of PAD4 (Lewis et al. 2015). A DNA-encoded small molecule library
screen for PAD inhibitors in the presence and absence of calcium yielded GSK121
as a modest inhibitor of apo PAD4. A detailed SAR for the primary hit resulted in
optimized leads GSK199 and GSK484, which inhibited PAD4 with IC50 values of
250 nM and 80 nM, respectively, in the presence of 0.2 mM Ca2+ (Fig. 2a). The
potencies of these compounds were, however, reduced by >fivefold at higher cal-
cium concentrations. Detailed kinetic analyses and a co-crystal structure indicate
that these inhibitors are competitive with respect to calcium binding and

Fig. 2 a Structure of reversible PAD4 inhibitors. The IC50 values for each compound with PAD4
are shown underneath. These compounds are >15-fold selective for PAD4. b Structure of
irreversible PAD inhibitors. The generic warhead on the irreversible inhibitors is colored in pink.
The second-order rate constants for PAD inactivation by covalent inhibitors are shown in the table
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preferentially bind the apo form of PAD4, thereby preventing the calcium-induced
movement of Cys645 into the active site. Not only did these inhibitors demonstrate
more than 15-fold selectivity for PAD4, but they also revealed a unique approach
for targeting the apo state of a specific PAD isoform. Importantly, GSK199 shows
efficacy in the murine collagen induced arthritis model of RA (Willis et al. 2017).

3.2 Irreversible PAD Inhibitors

The search for irreversible covalent inhibitors of PAD isoforms began with the
discovery of 2-chloroacetamidine, a time-dependent inactivator of PAD4 with an
IC50 > 0.5 mM. In parallel, Luo et al. replaced the guanidinium group in the PAD
substrate benzoyl-L-arginine amide (BAA) with either a fluoro- or
chloroacetamidine-based warhead, thereby generating F-amidine (1a) or
Cl-amidine (1b), respectively (Fig. 2b) (Luo et al. 2006a, c). Kinetic studies
revealed that both F-amidine and Cl-amidine function as mechanism-based inhi-
bitors that irreversibly inactivate PAD4 by modifying the catalytic cysteine in a
time-dependent manner. Interestingly, Cl-amidine was more potent than F-amidine
when evaluated against all PAD isoforms (except PAD6, which is not active),
consistent with the increased reactivity of the chloro-warhead over the
fluoro-warhead. More importantly, Cl-amidine showed efficacy in treating a variety
of animal models, including mouse models of RA, lupus, atherosclerosis, ulcerative
colitis, neuron injury, and breast cancer (Willis et al. 2011; Knight et al. 2013,
2014, 2015; Lange et al. 2011) (Chumanevich et al. 2011; McElwee et al. 2012).

Optimization of F-amidine and Cl-amidine resulted in the identification of the
more potent ortho-carboxylate derivatives o-F-amidine (1c) and o-Cl-amidine (1d)
(Causey et al. 2011). The increased potency of 1c and 1d against PAD4 was found
to be due to enhanced interactions between the o-carboxylate groups and the indole
NH of W347 as well as a water-mediated hydrogen bond with the side chain of
Q346 (Causey et al. 2011). From an extensive tripeptide library screen, the
haloacetamidine-based peptides, TDFA (2a) and TDCA (2b) (Fig. 2b), were dis-
covered to be potent and selective PAD4 inactivators (Jones et al. 2012). The
improved inhibition of these peptides was attributed to their interaction with Q346,
R374, and R639 in PAD4. Interaction with R639 was looked upon as key for
selectivity against PAD4 as this residue is unique to this isozyme. From a
fluorescence polarization activity-based high-throughput screen (HTS), assay
streptonigrin (3) was also found to be a selective inhibitor of PAD4 (Dreyton et al.
2014a; Knuckley et al. 2010c).

Despite these early advances, the peptidic nature of these first-generation
haloacetamidine-based inhibitors possessed various limitations, including reduced
metabolic stability due to proteolytic cleavage and poor membrane permeability
(Knight et al. 2015). This led to the development of second-generation inhibitors
that were predicated on improving the lipophilicity of the core structure by sub-
stituting the C-terminal carboxamide in 1a and 1b with a benzimidazole moiety and
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the N-terminal phenyl ring with a biphenyl substituent resulting in BB-F-amidine
(5a) and BB-Cl-amidine (5b) (Figs. 1d and 2b) (Knight et al. 2015; Muth et al.
2017). This led to a dramatic increase in the lipophilicity of BB-Cl-amidine
(CLogP = 4.17) as compared to Cl-amidine (CLogP = −0.23), which was pre-
dicted to aid cell entry (Knight et al. 2015). Consistent with this prediction,
BB-Cl-amidine was far superior when compared to Cl-amidine in a variety of
cell-based assays and animal models but showed similar in vitro efficacy (Ghari
et al. 2016; Horibata et al. 2015; Kawalkowska et al. 2016; Knight et al. 2015).
Recently, Muth et al. reported a detailed SAR for 5a and 5b with a methyl benz-
imidazole scaffold that included a lactam ring in place of N-terminal phenyl group
(Muth et al. 2017). The most potent inhibitors 6a and 6b exhibited excellent PAD2
selectivity (up to 106-fold) and proved to be potent in several cell-based assays
(Fig. 2b) (Muth et al. 2017).

The search for other PAD isoform-selective inhibitors led to the discovery of D-
F-amidine (4a) and D-Cl-amidine (4b) (Fig. 2b), the D-ornithine derivatives of 1a
and 1b, which exhibited remarkable selectivity against PAD1 (400-fold by 4a and
200-fold by 4b) (Bicker et al. 2012a). D-Cl-amidine also demonstrated improved
metabolic stability as compared to Cl-amidine (Bicker et al. 2012a). Furthermore,
Jamali et al. identified a novel scaffold (7) through a substrate-based fragment
screen, inhibitor, which was potent and selective for PAD3 (Fig. 2b) (Jamali et al.
2015, 2016). In addition to the in vitro selectivity, the hydantoin-based inhibitor (7)
also demonstrated efficacy in a cellular model of thapsigargin induced cell death in
PAD3-expressing HEK293T cells (Jamali et al. 2016).

4 Activity-Based Proteomic Probes Targeting the PADs

The ability of haloacetamidine-based inhibitors to covalently modify PADs in an
irreversible manner was considered to be a prerequisite for the development of
activity-based probes. In addition to a chemical warhead that reacts with functional
sites in proteins, activity-based probes also bear chemical handles, such as fluor-
ophores, biotin, or alkynes for subsequent fluorescent visualization, streptavidin
enrichment and mass spectrometry-based quantification or bio-orthogonal conju-
gation, respectively, for subsequent analysis of protein activities (Fig. 3a). An
overview of the development of PAD-targeted ABPPs is described below.

4.1 First-Generation PAD-Targeted ABPPs

First-generation PAD-targeted ABPPS were based on the structure of Cl-amidine
and F-amidine. Replacement of the benzoyl group with a p-benzylic azide facili-
tated their conjugation to rhodamine–alkyne via the formation of a triazole linker to
generate rhodamine-conjugated F-amidine (RFA) and rhodamine-conjugated
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Cl-amidine (RCA) (Fig. 3b) (Luo et al. 2006b). RFA and RCA preferentially
labeled the calcium-bound holo form of PAD4 and do not modify the C645S
active-site mutant (Luo et al. 2006b). These probes are as potent as the parent
compounds suggesting that the fluorophore does not alter enzyme binding (Luo
et al. 2006b). The versatility of RFA and RCA was further demonstrated through

Fig. 3 a Schematic representation depicting the use of clickable ABPPs. b Chemical structures of
RFA and RCA. c Schematic overview of the fluorescence polarization assay using RFA as an
ABPP for high-throughput inhibitor discovery. d Structures of first-generation ‘clickable’
PAD-targeted ABPPs. Labeled probes are subjected to click-chemistry using fluorescein reporters
through a post-inactivation strategy. e Structures of second-generation ‘clickable’ PAD-targeted
ABPPs. Probe-labeled proteins are subjected to click-chemistry using TAMRA azide reporter
through a post-inactivation strategy
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the development of a competitive gel-based ABPP-assay, which was used to
identify novel PAD inhibitors from diverse chemical libraries (Knuckley et al.
2008). Using this strategy, Knuckley et al. discovered streptomycin as a competi-
tive inhibitor and chlorotetracycline as a mixed inhibitor of PAD4 (Knuckley et al.
2008).

The success of this RFA-based screening strategy led to the development of an
RFA-based high-throughput screen (HTS), termed a fluorescence polarization
activity-based protein profiling (fluopol-ABPP)-based HTS assay (Fig. 3c)
(Knuckley et al. 2010c). This assay monitors changes in fluorescence polarization
(fluopol) as a result of RFA binding to PAD4. Since the RFA-PAD4 complex rotates
slowly, there is a larger change in the fluorescent polarization signal. In contrast,
unbound RFA rotates faster and leads to a smaller change in the fluorescence
polarization signal. In the case of an inhibitor bound to PAD4, RFA-PAD4 binding
will be hampered, resulting in a lower fluopol signal (Knuckley et al. 2010c). Using
this strategy, Knuckley et al. screened more than 2000 compounds and identified 10
inhibitors, from which streptonigrin (3) was discovered as a potent and selective
inhibitor of PAD4. Despite the utility of this RFA-based HTS assay, the method-
ology suffered limitations including a strong bias toward irreversible inhibitors that
preferentially targeted the active holo form of PAD4.

To overcome this limitation, Lewallen et al. developed a modified approach to
identify inhibitors that targeted the apo, calcium-free, form of PAD2 (Lewallen
et al. 2014). Specifically, they performed the screen at lower Ca2+ concentrations
(350 lM CaCl2) and screened the 1280 compound LOPAC library (Sigma-Aldrich
Library of Pharmacologically Active Compounds). Using this approach, Lewallen
et al. identified ruthenium red as a calcium competitive inhibitor that binds to the
apo form of PAD2 (Lewallen et al. 2014). In the future, this RFA-based screening
strategy could be used to identify isoform-specific PAD inhibitors from various
compound libraries. Furthermore, this approach will be useful for the discovery of
allosteric inhibitors that target alternate sites in PAD isoforms, similarly to the
PAD4-selective inhibitors GSK199 and GSK484.

4.2 Second-Generation PAD-Targeted ABPPs

A major drawback of the rhodamine-based probes RFA and RCA is that they are
not ideal cellular probes due to the presence of a bulky fluorophore, which may alter
their cell permeability. To circumvent this issue, Slack et al. employed a
bio-orthogonal strategy that involved the conjugation of fluorescein and
biotin-based reporters to F-amidine and Cl-amidine using the copper(I)-catalyzed
azide–alkyne cycloaddition (CuAAC) reaction (Slack et al. 2011). Development of
fluorescein-based ABPPs, in addition to the rhodamine-based ABPPs, in principle,
generates tools that allow for the optimal visualization of labeled proteins across the
entire pH spectrum. To achieve this, Slack et al. synthesized azide and alkyne
containing F-amidine and Cl-amidine (8a and 8b) and used them to label
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recombinant PAD4 and PAD4 in Escherichia coli cell extracts (Fig. 3d). The
labeled samples were then subjected to click-chemistry using the corresponding
azide or alkyne fluorescein reporter tags to obtain post-inactivated ABPPs bound to
PAD4 that were visualized by fluorescence. F-amidine and Cl-amidine containing
an alkyne handle demonstrated efficient post-inactivation click-chemistry as com-
pared to their azide counterparts and proved to be selective for PAD4 in E. coli cell
lysates (Fig. 3a, d). Despite their utility in the efficient detection of PAD4 by
fluorescent visualization, these fluorescein-based ABPPs were not useful for iso-
lating PAD4 or to identify PAD4-interacting proteins in biological samples (Slack
et al. 2011).

To demonstrate efficient isolation of PAD4 from bacterial (E. coli) and mam-
malian (e.g., MCF-7 and HL60) cells, Slack et al. treated the cell lysates with
F-amidine-Y-ne and Cl-amidine-Y-ne and employed a TEV-tagged biotin–azide
reporter to perform post-inactivation click-chemistry (Slack et al. 2011). The sub-
sequent pulldown of the probe-modified proteins using streptavidin–agarose and
Western blot established the utility of these biotin–azide reporter tags in isolating
the active form of PAD4 and identifying several known PAD4-binding proteins,
including HDAC1, p53, and histone H3. The approach was also used to isolate
PAD4 from HL60 granulocytes, suggesting a potential future role for these ABPPs
in identifying the post-translational modifications that occur to the PADs under
various physiological conditions.

Building on the success of the second-generation inhibitors BB-F-amidine and
BB-Cl-amidine as cell-permeable and metabolically stable pan-PAD inhibitors, we
next developed clickable probes based on this scaffold (Nemmara et al. 2018).
Specifically, Nemmara et al. developed alkyne containing derivatives of
BB-F-amidine and BB-Cl-amidine, which are termed BB-F-Yne (9a) and
BB-Cl-Yne (9b). These probes are as potent as the parent compounds (5a and 5b)
and can label PAD2 in HEK cells (Fig. 3a, e). The versatility of these probes was
verified by their ability to pull down PAD2 from HEK cell lysates after
post-inactivation click-chemistry with biotin–azide. Furthermore, using a chemo-
proteomic approach, we demonstrated that BB-F-Yne, which possesses a
fluoroacetamidine warhead, is remarkably selective for PAD2 in HEK cells—the
only protein isolated was PAD2. By contrast, BB-Cl-Yne has a few ‘off-targets’ in
addition to PAD2. Most of the off-targets are highly abundant proteins with reactive
cysteines, i.e., ‘the usual suspects’ that are found in other proteomic screens that use
cysteine-reactive electrophiles (Weerapana et al. 2007, 2010). Projecting forward, it
will be worthwhile to assess the potential of future ABPPs harboring a fluoroac-
etamidine warhead, especially, for the selective detection of PAD isoforms in
complex biological systems as well as in identifying novel proteins and signaling
pathways associated with PAD biology.
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4.3 Phenylglyoxal-Based Probes to Detect Protein
Citrullination

Given that aberrant citrullination is a hallmark of various autoimmune diseases and
certain tumor types, it is important to develop protein detection methods to identify
citrullinated proteins in complex biological systems. Due to the low abundance of
this PTM in biological samples, the enrichment of citrullinated proteins by chemical
derivatization improves detection. It should be noted that the detection of citrulli-
nated proteins by mass spectrometry is also challenging because the 1 Da mass
change is easily confused with a deamidation event or an isotope effect. To improve
the MS-based detection of citrullinated proteins, Holm et al. showed that selective
derivatization of the urea group in citrulline is possible with 2,3-butanedione alone
or in combination with antipyrine (De Ceuleneer et al. 2011; Holm et al. 2006).
These modifications resulted in a mass increase of 50 or 238 Da, which is readily
detected by MS, thereby differentiating citrullinated peptides from other arginine
containing ones. However, this methodology does not facilitate the enrichment of
citrullinated proteins or peptides.

Building upon this concept, Bicker et al. developed a citrulline-specific probe by
linking rhodamine and phenylglyoxal via a triazole linker. This compound rho-
damine–phenylglyoxal (Rh-PG) specifically labels citrullinated proteins under
acidic conditions (Bicker et al. 2012b) (Fig. 4a, b). Rh-PG was able to monitor the
kinetics of protein citrullination of PAD4 substrates (e.g., histone H3) due to its low
limit of detection (LOD * 600 fmol for citrullinated histone H3). In addition,
Bicker et al. used Rh-PG to detect citrullinated proteins in a mouse model of
ulcerative colitis treated with and without a PAD inhibitor. Notably, several pro-
teins showed reduced citrullination in the presence of inhibitor, suggesting they
could be useful biomarkers of ulcerative colitis (Fig. 4a). Using Rh-PG, Bawadekar
et al. also quantified citrullinated proteins in lysates in a mouse model of TNF-a
induced lung inflammation and showed that PADs other than PAD4 are responsible
for inflammation-mediated protein citrullination in lungs (Bawadekar et al. 2016).
Moreover, Carmona-Rivera et al. used Rh-PG to show that citrullinated proteins are
abundantly generated during NET formation induced by either IgM or rheumatoid
factor (Carmona-Rivera et al. 2017). In total, Rh-PG is a powerful probe for the
robust quantification of citrullinated proteins and can be used to characterize unique
disease biomarkers in various autoimmune diseases.

To extend the versatility of these phenylglyoxal-based probes, Lewallen et al.
developed biotin-conjugated phenylglyoxal (BPG). This probe serves as an anti-
body surrogate for Western blotting and as a chemical handle to isolate citrullinated
proteins from biological mixtures (Fig. 4a, b) (Lewallen et al. 2015). Using this
probe, numerous citrullinated proteins were identified for the first time from
PAD2-expressing HEK293T cells treated with ionomycin. These novel PAD sub-
strates included multiple proteins involved in RNA splicing, suggesting a potential
role for the PADs in this process (Lewallen et al. 2015). More recently, Tilvawala
et al. used BPG to map the RA-associated citrullinome in serum, synovial fluid,
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and synovial tissue samples (Tilvawala et al. 2018). In addition to identifying more
than 150 novel citrullinated proteins, they developed a BPG-based ELISA assay to
validate the proteomic data. Among the various proteins identified, there were
numerous SERPINs (SERine Protease INhibitors) and metabolic enzymes.
Fascinatingly, Tilvawala et al. demonstrated that citrullination inactivates a subset
of SERPINs and modulates the activity of a range of metabolic enzymes.
Specifically, citrullination of antiplasmin, C1-inhibitor and tissue plasminogen
inhibitor (t-PAI) abolished their inhibitory activity against their cognate proteases,
i.e., plasmin, kallikrein, and tissue plasminogen (t-PA).

An important limitation of this probe is that in its current form, it is not possible
to identify the exact site of citrullination in target proteins. Moreover, it does not
distinguish between citrullination and lysine carbamylation. In the future, devel-
opment of phenylglyoxal-based probes that can identify endogenous sites of
citrullination should be a priority.

Fig. 4 a Chemical structures of Rh-PG and BPG and the chemoselective reaction of Rh-PG with
citrulline under acidic conditions. b Schematic representation of the strategy for the chemical
derivatization of peptidyl citrulline using Rh-PG and biotin PG
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5 Conclusions

Over the past several years, chemical labeling has produced a wealth of novel
technologies to identify the biological roles of a variety of proteins. Activity-based
protein profiling (ABPP) is one such technique that has become a centerpiece of
chemical biology. The discovery of RFA, a haloacetamidine-based ABPP, has led
to the development of high-throughput assay platforms for identifying
isoform-selective PAD inhibitors. Moreover, the first-generation PAD-targeted
ABPPs, F-amidine-Yne (8a) and Cl-amidine-Yne (8b), were able to label PAD4 in
cells and isolate PAD4-binding proteins. Remarkably, the second-generation
PAD-targeted ABPPs, BB-F-Yne (9a) and BB-Cl-Yne (9b), showed enhanced
cellular uptake and efficient labeling of PADs in cells (Fig. 3e). Perhaps the most
exciting discovery is the superior selectivity of fluroacetamidine-based probes
toward PADs in cell systems, a finding that is counterintuitive to the historical
perception that covalent inhibitors are non-selective in nature. We predict that these
fluoroacetamidine-based probes will be used to detect the PADs in complex bio-
logical milieus and in identifying pathways that regulate PAD activity. Recent
advances in chemical labeling techniques have also led to the development of
citrulline-specific probes to detect protein citrullination in a variety of disease states.
The citrulline-specific probes Rh-PG and BPG have proved to be powerful tools to
detect and quantify protein citrullination in complex systems. We predict that these
probes have the potential to transform our understanding of PAD biology by
uncovering novel citrullinated biomarkers associated with a range of pathophysi-
ological states. Finally, we expect the next-generation citrulline-specific probes will
enable the identification of specific sites of citrullination.
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Abstract The activity of proteases is tightly regulated, and dysregulation is linked
to a variety of human diseases. For this reason, ABPP is a well-suited method to
study protease biology and the design of protease probes has pushed the boundaries
of ABPP. The development of highly selective protease probes is still a challenging
task. After an introduction, the first section of this chapter discusses several
strategies to enable detection of a single active protease species. These range from
the usage of non-natural amino acids, combination of probes with antibodies, and
engineering of the target proteases. A next section describes the different types of
detection tags that facilitate the read-out possibilities including various types of
imaging methods and mass spectrometry-based target identification. The power of
protease ABPP is illustrated by examples for a selected number of proteases. It is
expected that some protease probes that have been evaluated in animal models of
human disease will find translation into clinical application in the near future.

1 Introduction

Proteases, the enzymes that hydrolyze peptide bonds in proteins or polypeptides,
are involved in numerous biological pathways, such as blood coagulation, apop-
tosis, antigen presentation, and cytokine processing. Protease activity needs to be
tightly controlled, as dysregulation can lead to a variety of different diseases,
including cancer, cardiovascular diseases, and neurodegeneration. Activity regu-
lation takes place at several different levels (Fig. 1a). Most proteases are expressed
as inactive forms (zymogens), and after activation, they are regulated by various
posttranslational mechanisms. These include controlled degradation, covalent
modifications, calcium binding and inhibition by endogenous inhibitors. An addi-
tional layer of regulation takes place at a spatial level: Although the human genome
encodes more than 500 proteases, not all of them are expressed in each cell or
tissue, and many show a particular subcellular localization. As a result, proteases
only come in contact with a small amount of possible substrates (Verdoes and
Verhelst 2016).

Proteases can be classified according to their catalytic mechanism. Currently, the
protease community recognizes seven different catalytic types: aspartic, glutamic,
cysteine, serine and threonine proteases, metalloproteases, and asparagine lyases
(Rawlings et al. 2018). Cysteine, serine, and threonine proteases are named after the
residue that performs a direct nucleophilic attack on the scissile peptide bond.
Metalloproteases, aspartic, and glutamic proteases utilize their active site residues to
activate a water molecule, which then attacks the scissile bond (Sanman and Bogyo
2014). Beside classification according to catalytic mechanism, homologous pro-
teases are grouped into families (e.g., C1: the papain family of cysteine proteases),
and families with a single evolutionary origin are sorted into clans (superfamilies,
e.g., clan CA, to which the C1 family belongs) (Rawlings et al. 2018).

Proteases distinguish substrates from non-substrates in different ways. Most
proteases recognize a sequence of amino acids directly adjacent to the scissile bond
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(Fig. 1b). The residues N-terminal to the scissile bond are termed P1, P2, …Pn, and
fit in recognition pockets on the protease called S1, S2, …Sn. Residues and the
corresponding recognition pockets on the C-terminal side of the scissile bond are
named similarly, but their name receives an apostrophe: P1’, S1’, etc., (pronounced:
P1 prime, S1 prime) (Schechter and Berger 1967). While most proteases cleave
proteins somewhere in the middle of a polypeptide chain (endoproteases), some
recognize the N- or C-terminus of substrates and cleave off one or two amino acids
(exoproteases). Exosites located further away from the cleavage site may also
contribute to the recognition.

Naturally, only active proteases can turn over substrates into products and
thereby induce a downstream biological effect. Due to the strict regulation of
protease activity, activity-based protein profiling (ABPP) is a well-suited method
for the study of proteases. The activity-based probes (ABPs) for application in
protease ABPP usually contain three elements: (1) an electrophilic group (also
termed warhead) that covalently reacts in a mechanism-based manner with the
nucleophilic active site amino acid residue. These ABPs are inherently limited to

Fig. 1 Proteases and ABPs. a The tight activity regulation of proteases: most proteases are
translated as inactive forms or zymogens that need an activation step, usually proteolytic removal
of a propeptide that blocks the active site. Once active, the protease may be regulated by
posttranslational modifications, by controlled degradation or binding to endogenous inhibitors.
Restricting the localization of proteases to a subcellular compartment or anchoring to a membrane
will limit the number of possible substrates that it may encounter. b Protease nomenclature
according to Schechter and Berger. Protease pockets are termed S1…Sn N-terminally to the
scissile bond (indicated by the scissors) and S1’…Sn’ C-terminally to it. The pockets recognize the
side chains of the corresponding amino acid residues termed P1…Pn and P1’…Pn’. Exosites may
also help binding substrates. c The general serine hydrolase ABP FP-Biotin and the general
papain-family ABP DCG-04

Recent Advances in Activity-Based Protein Profiling of Proteases 255



serine, cysteine, and threonine proteases, since other classes use an activated water
molecule in their mechanism, which would result in hydrolysis of the warhead.
There are two alternatives to overcome this, which we will not further discuss in
this review: quinone-imine methide-forming substrates, which are substrates con-
taining a latent electrophile. The electrophile is formed upon cleavage, but is prone
to diffusion from the active site and labeling off-targets (Hu et al. 2011). Reversible
inhibitors with high affinity can be equipped with a photocrosslinker, which then
labels the protease upon irradiation (Saghatelian et al. 2004). Strictly speaking,
these are affinity-based probes. (2) An ABP also contains a tag that is used for
detection of the covalent enzyme-probe complex by a variety of different methods.
(3) In most protease probes, the two previous elements are fused together by a
peptide linker, which can induce selectivity for a desired class of proteases.

Many protease ABPs have been derived from covalent inhibitors. Although
tagged inhibitors have been reported before the advent of ABPP (Abuelyaman et al.
1994, 1997; Bogyo et al. 1997), the application to profiling enzyme activities was
not fully exploited until landmark papers by the labs of Cravatt and Bogyo, pub-
lished in quick succession around the turn of the millennium. Cravatt developed a
general probe for serine hydrolases (to which serine proteases also belong) con-
sisting of a fluorophosphonate attached to a biotin by an alkyl linker (FP-Biotin,
based on the serine protease inhibitor DFP, see Fig. 1c) (Liu et al. 1999). Bogyo
utilized the same concept for clan CA cysteine proteases (DCG-04, based on the
cysteine protease inhibitor E-64, see Fig. 1c) (Bogyo et al. 2000; Greenbaum et al.
2000). Since then ABPP has been used for many different applications, including
comparative profiling of protease activity in cancer, screening for protease inhibi-
tors, and functional proteomics studies.

In this chapter, we focus on recent developments in protease ABPP, but will also
mention some important concepts from older papers. In Sect. 2, we discuss
methods to achieve ABPP with a highly selective read-out for single protease
species. In Sect. 3, technical and chemical aspects of detection are described.
Finally, Sect. 4 illustrates the application of protease ABPP with examples for a
selected number of proteases.

2 Influencing Selectivity

The choice for the use of a general or a selective ABP depends on the specific
application. General probes, such as FP-Rh (Liu et al. 1999) or DCG-04 (Greenbaum
et al. 2000), have found widespread application in comparative profiling of hydro-
lase or protease targets. In the past, they have been used, for example, to compare
enzyme activities that relate to invasiveness in breast cancer cell lines (Jessani et al.
2002) or in different stages of pancreatic cancer (Joyce et al. 2004). More recent
examples include profiling of off-targets of the fatty acid amide hydrolase (FAAH)
inhibitor BIA 10-2474 that led to a fatality in a recent phase I clinical trial (Van
Esbroeck et al. 2017). General ABPs can also be used for inhibitor screening, in
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combination with purified enzymes (Bachovchin et al. 2009, 2014; Wolf et al. 2013)
or even whole proteomes. Overall, these studies illustrate the value of ABPs with
broad selectivity.

In some applications, highly selective probes are desired. This is especially the
case if the experiment does not allow separation of the target of interest from other
labeled targets (as can be done in gel-based profiling experiments). A prime example
is imaging: highly selective ABPs allow the visualization of a single protease species
in a cell or in vivo. Compared with the design of broad-spectrum ABPs, the
development of ABPP methods for the detection of a single protease is a very
challenging task. In the next sections, we will discuss different strategies that utilize
synthetic chemistry, biochemistry, and molecular biology approaches, respectively.

2.1 Non-natural Amino Acids

Most ABPs for proteases rely on a peptide linker to induce selectivity toward the
target proteases. Usually, the chemistry of the warhead (i.e., targeting serine, cys-
teine, or threonine proteases) combined with several amino acid residues results in
probes with reasonable selectivity. However, some proteases display overlapping
substrate specificities, especially within the same family. A clear example is formed
by the caspases, which all have an absolute requirement for an aspartate residue in
the P1 position, and overlapping requirements in the P2–P4 position. In such cases,
it can be extremely challenging to design highly selective ABPs for an individual
family member, and detailed knowledge of the substrate specificity is required.

Substrate specificity profiling of proteases can be done in several ways. Phage
displays offer the possibility to test a vast amount of peptide sequences for cleavage
by a protease (Matthews and Wells 1993). N-terminomics methods, such as TAILS
(Kleifeld et al. 2010), COFRADIC (Gevaert et al. 2003) and ChaFRADIC (Venne
et al. 2013), identify cleavage sites in natural substrates using proteomics experi-
ments, whereas other proteomics methods, e.g., proteomic identification of protease
cleavage sites (PICS) (Schilling and Overall 2008) and direct in-gel profiling of
protease specificity (DIPPS) (Vidmar et al. 2017) utilize proteome-derived peptides
or denatured proteins to determine consensus sequences of protease cleavage sites.

One way to enhance the selectivity of ABPs is the incorporation of non-natural
amino acids in the peptide linker. Because there are many more non-natural amino
acids than natural ones, they offer a variety of properties for optimization of the
interaction with the protease subsites. However, all of the above-named techniques
utilize biological material and, by their nature, do not include non-natural amino
acids. Therefore, substrates with non-natural amino acids need to be chemically
synthesized. To keep the number of synthesized substrates as low as possible, the
usage of positional scanning libraries (PS-SCLs), originally developed for screening
protein–ligand interactions (Dooley and Houghten 1993), has been introduced in
protease specificity analysis (Thornberry et al. 1997). Within these libraries, each
subsite is evaluated independently of the others: sublibraries are created in which the
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amino acid residues in a specific position (e.g., P2, P3, or P4) are varied and the other
positions contain an equimolar mixture of natural amino acids (Fig. 2). With these
sublibraries, the preferred amino acid in the specific position can be determined.
Originally, PS-SCLs have been developed to explore natural amino acids. The Drag
laboratory extended this to non-natural amino acids in their so-called hybrid com-
binatorial substrate library (HyCoSuL) approach that may include more than 100
non-natural amino acids in addition to the proteinogenic amino acids (Poreba,
Salvesen, and Drag, 2017). By making use of solid-phase peptide synthesis (SPPS),
tetrapeptide sublibraries with a C-terminal 7-aminocoumarin derivative can be
rapidly synthesized and tested. Optimal substrate sequences can eventually be uti-
lized to synthesize selective ABPs by adding a warhead and a tag (Fig. 2).

HyCoSuL has been used to develop ABPs for a variety of proteases, including
the individual members of the neutrophil serine proteases (NSPs, see also Sect. 3.1)
and the Zika Virus NS2B-NS3 protease, which is required for viral replication and
regarded as a possible drug target (Rut et al. 2017). In these examples, non-natural
amino acids were key in providing higher selectivity. Strikingly, for human neu-
trophil elastase, all amino acids in the P1–P4 position were replaced by non-natural
amino acids, resulting in highly selective targeting over other, related proteases
(Kasperkiewicz et al. 2014).

In order to obtain selective ABPs for the executioner caspases-3 and -7, Wolan
and co-workers first developed peptidic inhibitors with a C-terminal aldehyde. They
substituted the P2, P3, and P4 positions in the known DEVD sequence with 30
natural and non-natural amino acids, and also added an extra P5 position. The
individual inhibitors were tested for the IC50 ratio between caspase-7 and caspase-3.
Eventually, this led to ABPs with an acyloxymethyl ketone (AOMK) warhead and
three non-natural amino acids in the linker region, displaying an almost 50-fold
selectivity for caspase-3 over caspase-7. However, selectivity over other caspases

Fig. 2 Substrate specificity determination by HyCoSuL. Fluorogenic peptides are created in
sublibraries. For a P2 sublibrary, each well in a microtiter plate will contain a different amino acid
in the P2 position, while having a mixture of natural amino acids in the other (P3 and P4)
positions. Exposure of this sublibrary to a protease will reveal which amino acids are preferred in
the P2 position. This will be repeated for the P3 and the P4 positions. Next, several individual
substrates with preferred P2, P3, and P4 positions will be synthesized and tested to determine the
best substrate sequence, which may then be utilized to design and synthesize an ABP
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was lower (Vickers et al. 2013), illustrating the difficulty of the development of
highly selective ABPs for individual caspases. In the meantime, the Drag laboratory
has used HyCoSuL and made highly selective substrates with non-natural amino
acids for caspase-8, -9, and -10 (Poreba et al. 2014). It is expected that these may
lead to selective ABPs for individual caspases in the near future.

2.2 Application of Antibodies

Classically, antibodies are used to visualize protein abundance with very high
specificity, for example, in western blot, enzyme-linked immunosorbent assay
(ELISA), or immunohistochemistry. In the case that highly selective ABPs for a
specific protease of interest are unavailable, a combination of a general ABP and an
antibody can be utilized. Herein, the ABP serves as a read-out of activity, whereas
the antibody ensures high specificity.

An early example has been reported by Sieber and Cravatt, who utilized
immobilized antibodies on a microarray slide to capture proteases labeled by the
general serine hydrolase probe FP-Rh (Fig. 3a). This detection was up to 30 times
more sensitive than previously used SDS-PAGE analysis (Sieber et al. 2004).
A related and more recent example includes an activity-based ELISA (termed
ELASA; Fig. 3b), which was utilized in order to solve the cross-reactivity of a
MALT1-targeted ABP with cathepsin B (Eitelhuber et al. 2015). In the ELASA, the
covalent complex of the biotinylated ABP with the target protease is enriched on

Fig. 3 ABPs combined with antibodies. a Different antibodies immobilized on a protein
microarray can catch different proteases that have been labeled by the same general ABP. b In an
ELASA, a streptavidin-coated 96-well plate (of which one well is depicted here) captures proteases
that have reacted with a biotinylated ABP. A primary antibody against the target of interest ensures
selectivity, whereas a fluorophore- or peroxidase-conjugated secondary antibody gives sensitive
read-out. c A protease labeled with a DNA-oligo-ABP conjugate is hybridized with amplifiable
DNA prior to immunoprecipitation, which ensures selectivity. Finally, qPCR or DNA sequencing
is used as a read-out. d In ADPL, an enzyme is labeled by a biotinylated ABP inside a cell. After
fixation, both biotin and the protease are recognized by separate, DNA-linked antibodies. Only the
enzyme that is recognized by both antibodies then undergoes hybridization by a bridging oligo,
which is then amplified and hybridized with fluorophore-conjugated oligos
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streptavidin-coated 96-well plates. Next, the MALT1 target was selectively visu-
alized by subsequent incubation with a MALT1-antibody. This assay was also more
sensitive than a gel-based read-out, due to the usage of an HRP-conjugated sec-
ondary antibody, which leads to signal amplification.

A different, but related strategy was recently reported by Krusemark and
co-workers (Kim et al. 2017). Here, a serine hydrolase pan-reactive fluorophos-
phonate was linked to a DNA-oligo for quantification of labeling by qPCR.
A selective read-out of a single serine hydrolase is ensured by an immunoprecipi-
tation reaction prior to qPCR (Fig. 3c). This workflow was illustrated by using two
serine proteases involved in blood coagulation: thrombin and factor Xa. Although
the method has only been demonstrated for purified proteases and not in whole
proteomes, it is potentially powerful, since it offers the possibility for multiplexing
by using different DNA-oligo sequences and deep sequencing (Kim et al. 2017).

A limitation of the above-described methods is the utilization of homogenized
samples (either purified enzymes or lysates of cells). Hence, all spatial information
is lost. The group of Moellering recently reported a new strategy that uses ABPs
and antibodies that are both labeled with oligonucleotides, allowing activity-
dependent proximity ligation (ADPL; Fig. 3d) (Li et al. 2017). ADPL allows
imaging of active enzymes with high spatial resolution. The methodology was
demonstrated for four specific serine hydrolases in combination with FP-Biotin, and
for cathepsin B in combination with a biotinylated AOMK cathepsin probe.
Overall, this method overcomes the need for highly selective ABPs for imaging
purposes.

In some specific cases, an antibody itself may be utilized as an ABP. LeBeau
et al. reported that the human monoclonal antibody A11 was specific for active
matriptase (LeBeau et al. 2013). Radiolabeling the antibody with DOTA-chelated
111In or coupling it to a near-infrared (NIR) fluorophore produced two probes which
were used to track active matriptase in endothelial cancers through SPECT (single
photon emission computed tomography) imaging and fluorescence microscopy.
Application of the probes showed active matriptase in human colon cancer cell
lines, whereas in healthy colon cancer cell lines all matriptase was bound to its
endogenous inhibitor (see also Sect. 4.4).

2.3 Modification of Target Proteases

As discussed above, it can be very challenging to develop highly selective ABPs
because of similar structures of recognition pockets within a protease family. For
example, the different members of the caspase family have overlapping substrate
specificities, as all have an absolute requirement for a P1 aspartate residue and a
preference for glutamate in the S3 pocket.

In order to study individual members the caspase family, Bogyo and co-workers
engineered caspase-1 to contain a non-catalytic cysteine residue in close proximity
to the catalytic site (Xiao et al. 2013). This latent cysteine nucleophile, in a
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non-conserved region of the protease, may then react with a strategically placed
electrophile on a chemical probe. To this end, probe XJP062 was designed with two
different reactive groups: An aldehyde electrophile that reversibly binds to the
active site cysteine and steers the probe into the active site, and an acrylamide
electrophile, which forms a covalent bond with the non-catalytic cysteine (Fig. 4a).
Consequently, only the engineered protease is irreversibly inhibited. The same
strategy has been applied to two matrix metalloproteinases (MMPs). Here, the
chemical probe contained a hydroxamate group, which coordinates to the active site
zinc ion, and an a-chloroacetamide electrophile that covalently binds to the engi-
neered non-catalytic cysteine (Fig. 4b) (Morell et al. 2013). It must be noted that
this approach requires genetic engineering. However, with recent developments on
various gene editing systems such as CRISPR/Cas9, endogenous proteases can be
easily engineered in cell lines and model organisms.

Bogyo and co-workers illustrated the applicability of their approach by selec-
tively targeting caspase-1 in a model of pyroptosis. Bone marrow macrophages
(BMMs) undergo pyroptosis upon S. typhimurium infection, whereas caspase-1−/−

BMMs undergo cell death via apoptosis. Reintroduction of the engineered
caspase-1 with the cysteine mutation in caspase-1−/− BMMs restored cell death via
pyroptosis and by using probe XJP062 it was possible to specifically image
caspase-1 inside these cells. S typhimurium infection generally leads to recruitment

Fig. 4 Selective covalent modification by engineering proteases. a The cysteine protease
caspase-1 forms a reversible covalent bond with an aldehyde on a probe, bringing an acrylamide in
close proximity to the engineered, non-catalytic cysteine, thereby orchestrating covalent bond
formation. b A hydroxamate group on a probe will chelate to the zinc ion in the target MMPs. In
this case, a chloroacetamide reacts with a non-catalytic cysteine. c Specific imaging of
cysteine-engineered caspase-1. BMM caspase-1-/- (top panels) with engineered wild-type (middle)
or H340C mutant caspase-1 (bottom) were infected with S. typhimurium and labeled with ABP
XJP062 for 1 h. Note that the WT caspase-1 is only detected with the antibody staining, but not
with the ABP. Arrows indicate caspase-1 positive inflammasome foci, whereas arrowheads show
ABP-labeled inflammasome foci. Reprinted (adapted) with permission from (Xiao et al. 2013).
Copyright 2013 American Chemical Society
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of active caspase-1 in a typical single focus together with other inflammasome
components. These foci were labeled by XJP062 in the engineered and infected
cells only (Fig. 3c), further confirming the selectivity of labeling (Xiao et al. 2013).

3 Detection Tags

In comparison with other tools to detect active proteases, such as chromogenic or
fluorogenic substrates, a fundamental difference of ABPs is the covalent linkage
that these probes make with the protease target. It enables visualization, isolation,
and identification by means of the tagging moiety on the ABP.

The choice for a reporter tag depends on the desired detection technique (Fig. 5).
For imaging experiments, a fluorescent or radioactive tag can be used. For target
identification experiments, an affinity handle (most often biotin) is the method of
choice. It must be noted that the tag also influences the physicochemical properties
of the probe, such as cell permeability, and even may affect target binding.
Therefore, many current probes incorporate an azide, alkyne, or trans-cyclo-octene
“mini-tag”, which can be functionalized with the reporter of choice in a subsequent
step using bioorthogonal chemistry. Because the final read-out still comprises
fluorescence, mass spectrometry, or related techniques, we will not further discuss

Fig. 5 Overview of three different types of tags and their associated detection techniques
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bioorthogonal labeling in ABPP here, but refer to other reviews (Willems et al.
2011; Yang and Liu 2015).

In the following paragraphs, three different types of tags are discussed in depth:
fluorescent dyes, (radioactive) isotopes, and biotin (affinity isolation followed by
mass spectrometry).

3.1 Fluorophores

Fluorescence detection has been utilized since the early days of ABPP (Greenbaum
et al. 2002; Jessani et al. 2002) and remains one of the most popular detection
methods because of its versatility: It can be applied in both gel-based experiments
with fluorescence scanning and in vivo imaging experiments, such as microscopy or
whole body imaging (Fig. 5).

A wide variety of fluorophores has been used in ABPP. Fluorescein- and
rhodamine-type dyes are inexpensive, commercially available dyes, hence, a pop-
ular choice for gel-based experiments. However, they suffer from rapid photo-
bleaching and are therefore less suitable for imaging experiments that require
extended excitation times. In comparison, BODIPY- and cyanine-dyes have better
photostability. They are very bright due to high quantum yields and high absorption
coefficients. These dyes are also relatively hydrophobic, which will not impede the
ABPs from crossing the membrane.

In general, dyes with excitation wavelengths in the visible spectrum are not
appropriate for whole body fluorescent imaging in animal models, as imaging will
suffer from tissue autofluorescence and poor tissue penetration of visible light.
Fluorophores with excitation wavelengths within the near-infrared spectrum (NIR;
>700 nm), such as Cy5, are better suited for these applications. With these, a tissue
penetration of 5–10 mm is observed and autofluorescence from the surrounding
tissue can be neglected.

The availability of highly selective ABPs and fluorophores of different colors has
enabled parallel detection of specific proteases (Kasperkiewicz et al. 2017; DeBruin
et al. 2016). The Overkleeft laboratory has demonstrated this possibility by con-
jugating three differently colored fluorescent dyes (blue, green and red) to ABPs for
the b1, b2, and b5 catalytic subunits of the proteasome. This probe cocktail was
used to develop specific inhibitors for the six different subunits of the constitutive
and immunoproteasome (DeBruin et al. 2016). The Drag laboratory developed
Cy3-, Cy5-, and Cy7-labeled ABPs for each main member of the neutrophil serine
proteases (NSPs) (Kasperkiewicz et al. 2017). More details about ABPs for the
proteasome and NSPs can be found in Sects. 4.4 and 4.1, respectively.

Another interesting example illustrating the use of multiple fluorophores
involves probes that target penicillin-binding proteins (PBPs). Although PBPs are
not proteases, but membrane-bound transpeptidases that crosslink peptidoglycan in
the cell walls of bacteria, their mechanism reflects that of serine proteases. Using
two b-lactone probes with fluorophores in different colors, each directed against
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different PBPs, the authors visualized the differences in localization of PBP2x and
PBP2b during late stages of cell division in Streptococcus pneumonia (Sharifzadeh
et al. 2017).

Although fluorophore-conjugated ABPs have been successfully used in imaging
experiments, the background fluorescence of unreacted probes requires extensive
washing steps and prevents application in real-time imaging. To solve this problem,
fluorescently quenched-activity-based probes (qABPs) have been developed. In
addition to a detection tag, qABPs contain a quenching moiety that is expelled from
the probe upon reaction. Obviously, this poses a restriction to the utilized warhead:
it must contain a leaving group that can be connected to a quencher. Acyloxy
methyl ketones (AOMKs; Fig. 6a) fulfill this requirement. The Bogyo laboratory
was the first to validate this concept in real-time in situ and in vivo experiments
using a cathepsin-targeting qABP with an AOMK warhead (Blum et al. 2005,
2007). In a more recent example, Ben-Nun et al. used the qABP approach with a
photosensitizer as a fluorophore. Upon reaction with a cathepsin protease, this
qABP not only becomes fluorescent, but also starts to induce formation of reactive
oxygen species by means of the photosensitizer, eventually leading to cell death
(Ben-Nun et al. 2015). Overall, this strategy combines tumor visualization with a
dual tumor treatment by cathepsin inhibition and photodynamic therapy. For serine
proteases, warheads consisting of mixed alkyl aryl phosphonate esters have been
developed as qABPs. Although no imaging experiments employing these probes
are published to date, it proves that the qABPs strategy is applicable beyond cys-
teine proteases (Serim et al. 2015).

To overcome the restriction of a leaving group in qABPs altogether, Lee and
co-workers explored the use of the photoinduced electron transfer effect (PeT):
Upon an increase in overall electron density on the fluorophore after reaction with

Fig. 6 Two different strategies for qABPs. a A warhead with a leaving group enables the
incorporation of a fluorophore and a quencher. Upon reaction with the target protease, the leaving
group with quencher is expelled and the probe-protease complex becomes fluorescent. b The
photoinduced electron transfer effect: An increase in electron density after reaction with the target
protease leads to an increase in fluorescence
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the target protease, the PeT effect leads to an increase in fluorescence. The validity
of this strategy was illustrated with a fumarate warhead connected to a
1,8-naphtalimide-based dye and a peptide scaffold that is recognized by asparaginyl
endopeptidase (AEP), also known as legumain. This probe showed a twofold
increase in fluorescence after reaction with the protease and was successfully used
in live cell imaging of AEP. Although there is still room for improvement of signal
to background ratio, this probe provides an interesting scaffold that could lead to a
new generation of qABPs (Hong et al. 2017).

3.2 Isotopes

There are two types of isotopes that can be incorporated in ABPs: stable and
radioactive isotopes.

3.2.1 Stable Isotopes

Stable isotopes may be exploited to enhance detection of ABP targets by mass
spectrometry (MS). MS detection will be discussed in Sect. 3.3 (biotin tags).

Stable isotopes may also be exploited for imaging purposes, e.g., by using
magnetic resonance imaging (MRI). MRI itself is a common technique in hospital
settings, and ABPs containing an MRI-active tag could potentially be used in
in vivo experiments and diagnostic medicine. To date, several MRI/NMR-active
substrate-based protease probes have been developed (Yue et al. 2014; Yuan et al.
2015; Carril 2017), but this strategy has not yet been applied in ABPP.

A recent paper by the Blum laboratory reported ABPs with stable iodine (I-127)
for detection by computed tomography (CT) imaging. CT uses X-rays to create
detailed three-dimensional images with good spatial resolution, but it requires
elements with high atomic weight to be present. Therefore, it was crucial to con-
jugate the cathepsin-targeting ABP to a dendrimer with up to 48 iodine atoms
(1, Fig. 7). This strategy provided enough density of iodine to produce contrast in
CT images of xenograft tumor model in mice (Gaikwad et al. 2018).

3.2.2 Radioactive Isotopes

Radioisotopes have served as sensitive tools for the detection of various biomo-
lecules for decades, and have been frequently utilized in ABPP. Originally, 125I was
a popular choice in ABPP due to the availability of well-defined iodination pro-
tocols and the long half-life of 59.4 days (Greenbaum et al. 2000; Falgueyret et al.
2004; Méthot et al. 2004), ensuring that probes can be stored and used for months
after their synthesis. An additional benefit is the small size of radioisotopes,
resulting in minimal effects of the tag on the properties of the probe. Radioisotopes
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also provide a highly sensitive signal with extremely low endogenous background.
However, the radioactive waste associated with these probes and the development
of sensitive gel-based protocols using fluorophores has caused a steep decrease in
the usage of radioactive ABPs. One exception is formed by the field of nuclear
medicine. Positron and gamma-ray emitting isotopes, which are broadly applied in
positron emission tomography (PET) or SPECT, respectively, allow imaging of
organs and tissues that are deeply buried under the skin—in contrast to detection by
fluorescence. The short half-life of the utilized isotopes has advantages and dis-
advantages: It makes sure that patients are exposed to radioactivity for only short
periods of time, but it also requires that the reagents are synthesized in situ before
every experiment and prevents storage for extended periods of time.

PET compatible isotopes, such as 18F and 64Cu, have been incorporated in ABPs
and used in in vivo experiments (Ren et al. 2011; Hight et al. 2014; Ides et al.
2014). The caspase inhibitor VAD-FMK, albeit not very selective due to the high
reactivity of the FMK reactive group (Berger et al. 2006), was equipped with an 18F
tag by Hight and co-workers (2, Fig. 7) (Hight et al. 2014). The probe was able to
visualize and quantify apoptosis in drug-treated xenograft mouse models of cancer
and showed a correlation of apoptosis with a reduction in tumor size.

Ides et al. developed 18F-conjugated phosphonate ABP 3 (Fig. 7) against the
serine protease urokinase-type plasminogen activator (uPa). It was utilized in
imaging of xenografts of MDA-MB-231 cells, which display high expression of
uPA. However, the probe could not reliably visualize uPA on primary and metastatic
tumor lesions, because of slow blood clearance (Ides et al. 2014). Therefore, the
research group changed detection strategy and designed an 111In-bearing uPA ABP
that can be used for in vivo SPECT imaging (4, Fig. 7). Indium-111 has a longer
half-life compared with 18F (2.8 days vs. 109.7 min), allowing a longer clearance
time of unbound probe to improve the tumor/blood signal ratio. In contrast to the 18F
probe, the 111In-ABP was able to detect tumors on micro-SPECT images at 95 h post

Fig. 7 Examples of ABPs labeled with stable (1) or radioactive (2, 3, 4) isotopes
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injection. However, the moderate uptake in tumor tissue and the high uptake in
non-invaded lymph nodes present obstacles that still need to be overcome in order to
allow clinical translation in oncological applications (Vangestel et al. 2016).

3.3 Biotin and Detection by MS

MS is a widely used technique in proteomics for identification of proteins in
complex samples. It has also been applied in ABPP in order to identify the targets
of ABPs. Biotin-conjugated ABPs have been instrumental for this purpose, because
of the efficient enrichment of biotinylated proteins on immobilized avidin resins.
The basic workflow for the identification is depicted in Fig. 8a. As early as two
decades ago, the first ABPP papers achieved MS identification of some ABP targets
by using peptide mass fingerprinting (Liu et al. 1999; Greenbaum et al. 2000).
Nowadays, tandem MS experiments are part of the common bottom-up proteomics
workflow. These experiments do not only reveal the targets of ABPs, but can also
support conclusions about the activity of putative proteases. In 2010, for example,
Florea et al. subjected mouse thymus tissue homogenates to a biotinylated epox-
omycin derivative for labeling of the then recently discovered thymoproteasome
subunit b5t (Florea et al. 2010). Analysis of the fragments from the tryptic digests
revealed the labeled active site peptide, thereby confirming its catalytic reactivity.

Fig. 8 MS-based target identification. a Biotin-streptavidin mediated enrichment can be followed
by release, gel-based separation, tryptic digestion and LC-MS/MS. Alternatively, a direct digestion
on bead can yield the necessary tryptic peptides for target analysis. Note that endogenously
biotinylated proteins and non-specifically enriched proteins (dark oval) may contaminate the
sample and lead to false-positive identifications. b A cleavable linker can be utilized to selectively
release probe targets prior (or after) tryptic digestion. c Stable isotope labeling – either in the
biological sample with SILAC as depicted here, or at a later stage—can be used to distinguish
probe targets from background identifications
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The high sensitivity of modern mass spectrometers enables the identification of
minute quantities of proteins. Endogenously biotinylated proteins as well as low
amounts of non-specifically bound proteins may therefore create “false-positive”
identifications in the identification of ABP targets. Although non-protease targets
can in principle be “filtered out” when utilizing protease ABPs, this potentially
leads to ignoring “real” off-targets. To facilitate a workflow with lower false pos-
itives, cleavable linkers have been introduced in ABPP (Fonovic et al. 2007;
Verhelst et al. 2007). Strategically placed between the reactive electrophile and the
biotin tag, they allow selective elution of probe targets (Fig. 8b). This is effectively
illustrated by a diol linker, incorporated in the cathepsin-targeting DCG-04, which
led to an almost 90% reduction in false-positive identifications (Yang et al. 2013).
Nowadays, various cleavable linkers are available for chemical proteomics appli-
cations (Yang et al. 2017).

Another strategy to distinguish genuine ABP targets from background protein
identifications involves the use of stable isotope labeling. Stable isotopes can be
introduced in samples at different points of the workflow, but at some point,
samples are mixed and eventually analyzed by LC-MS/MS. The ratios of isotopic
labels in the MS1 spectra then reflect the relative abundance of the tryptic peptide
species and the proteins they were derived from. When applied to an ABP-labeled
and a DMSO control sample, this will help to distinguish background proteins from
genuine ABP targets (Fig. 8c). Although not many studies that combine protease
ABPs and isotope labeling have appeared, we will here highlight two types of
workflows: ABPP-SILAC and ABPP combined with dimethyl labeling.

Adibekian et al. used stable isotope labeling in cell culture (SILAC; Ong et al.
2002) combined with FP-biotin labeling to discover serine hydrolases that were
targeted by 1,2,3-triazole urea inhibitors (Adibekian et al. 2011). In short, cells
cultured in “light” medium were exposed to inhibitor while cells in “heavy”
medium were treated with vehicle as a control. After cell lysis and exposure to
FP-biotin, samples were mixed and subjected to the general workflow of enrich-
ment, digest, and LC-MS/MS (Fig. 8c). This method did not only reveal which
serine hydrolase targets were inhibited, but also how selective these inhibitors were.
Li et al. described an ABPP workflow with dimethyl labeling – sometimes referred
to as the “poor man’s SILAC,” since the reagents are much less expensive (Li et al.
2013). In this workflow, the introduction of the isotopes and the mixing of the
samples take place at a later stage than in SILAC, which can possibly lead to more
variability.

3.4 Dual Detection

Some reported ABPs contain two different tags to allow more than one type of
detection. Ideally, two complementary detection techniques are combined to
compensate for each other’s shortcomings.
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A convenient choice is the combination of a fluorescent tag and a biotin: It
ensures sensitive detection of low abundant probe targets, even after enrichment,
and simultaneously permits identification of the probe targets. The biotin and
BODIPY-tagged epoxomycin-derived proteasome probe MVB072 (5, Fig. 9) has
been used by Van der Hoorn and co-workers to detect the inhibition of plant
proteasome subunits by the non-ribosomal cyclic peptide Syringolin A, which is
made by the bacterial pathogen Pseudomonas syringae pv syringae (Kolodziejek
et al. 2011). The same laboratory used this probe to show that salt stress in tomato
plants leads to alteration of the catalytic b2 and b5 catalytic subunits (Kovács
et al. 2017).

Another attractive combination of detection tags is a fluorophore and a
radioisotope. Whereas the radioisotope compensates for the poor tissue penetration
of light, the fluorophore ensures gel-based detection long after the signal of the
radioisotope has faded away. Withana et al. designed a cathepsin-targeting ABP
containing both a Cy5 fluorophore and a 64Cu isotope, which is a positron emitter
(6, Fig. 9) (Withana et al. 2016). This dual optical/PET probe was used in a murine
model of atherosclerosis. The method did not only facilitate PET and fluorescence
imaging of carotid atherosclerotic plaques, but also biochemical analysis by
SDS-PAGE to confirm target engagement.

4 Examples of ABPP on Specific Proteases

4.1 Neutrophil Serine Proteases

Neutrophils are among the first immune cells to arrive at a site of inflammation in
order to fight pathogens and noxious substances. They do so by using neutrophil
serine proteases (NSPs), which include four members: neutrophil elastase (NE),
cathepsin G, proteinase 3 (PR3), and the recently discovered (Perera et al. 2012)
neutrophil serine protease 4 (NSP4).

Fig. 9 Examples of dual detection ABPs
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NSPs are primarily stored in azurophilic granules. Upon activation of the neu-
trophil, they are released into the phagosome, the extracellular space (degranula-
tion), or as part of neutrophil extracellular traps (NETs). NSPs are thought to play a
role in several chronic inflammatory diseases, including atherosclerosis, cancer,
Alzheimer’s disease, and chronic obstructive pulmonary disease (Hoenderdos and
Condliffe 2013; Coffelt et al. 2016; Soehnlein et al. 2017). As a result, they rep-
resent potential future targets for disease diagnosis and drug development. Hence,
selective ABPs against these proteases would form attractive reagents for the study
of NSPs and potentially as diagnostic tools.

In some work prior to 2012, ABPs for NE and cathepsin G have been developed
(Kam et al. 1993; Zou et al. 2012; Haedke et al. 2013); however, these were not
very selective and showed cross-reactivity with other proteases. Since 2014 the
Drag laboratory has performed a series of studies aimed at the development of
highly selective ABPs for each individual member of the NSPs. To this end, Drag
and co-workers first used HyCoSuL approaches (see Sect. 2.1) in order to find the
optimal recognition sequence for each NSP and then synthesized ABPs with high
selectivity against the other family members (Kasperkiewicz et al. 2014, 2015,
2017). A crystal structure of NE with a NE-specific ABP revealed the details of
interaction (Fig. 10a). Especially an interaction of the P3 AA with the backbone of
Gly219 in the S3 pocket unique to NE and an exo-pocket reached by the unnatural
AA in P4 seemed to be of importance for specificity (Lechtenberg et al. 2015). The
NE-specific probe was used in fluorescent microscopy to visualize NETs. Antibody

Fig. 10 a Crystal structure of ABP PK101 and neutrophil elastase showing key interactions.
PK101 is bound covalently via the phosphonate group to the active site serine residue. Abu in the
P1 position and Oic in the P2 position occupy the pockets in a similar manner as their natural
counterparts Val and Pro. The additional cyclohexane ring of Oic, however, allows for more
hydrophobic contacts with Leu99 and His57. Most important for specificity to NE over the closely
related NSPs are the interactions of Met(O)2 and Nle(O-Bzl) with the residues in the S3 and S4
pockets, respectively. Met(O)2 forms a hydrogen bond with the backbone amide of Gly219 which
is strictly dependent on the unique conformation adopted by Gly218 and Gly219 in NE.
Additionally, the O-Bzl group in P4 reaches into a hydrophobic exo-pocket, adding binding
strength. This exo-pocket is blocked in all other human serine proteases except in PR3 where it is,
however, much shallower. b Intrinsic and extrinsic pathways of apoptosis activation. DISC
formation will lead to autoactivation of caspase-8, which in turn cleaves caspases-3 and -7, thereby
activating them. The intrinsic pathway leads to release of stimuli from the mitochondria, which
induce formation of the apoptosome that activates caspase-9. Caspase-9 then cleaves executioner
caspases-3 and -7
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staining of NE and propidium iodide staining of DNA showed that most NE in the
NETs is not active, although this may vary in different individuals (Kasperkiewicz
et al. 2014).

Using the HyCoSuL approach, the Drag laboratory also managed to develop
selective probes for each of the remaining three NSPs (Kasperkiewicz et al. 2015,
2017). They used their probes, each equipped with a different fluorescent dye, to
visualize active NSPs in the azurophilic granules. Interestingly, the majority of
azurophilic granules do not show co-localization of the different NSPs suggesting
they could be packed into different granules during myelopoiesis (Kasperkiewicz
et al. 2017).

4.2 Caspases

Caspases are a family of cysteine proteases with important roles in apoptosis and
inflammation. Initiation of apoptosis can happen via two distinct pathways
(Boatright and Salvesen 2003; Pop and Salvesen 2009): the extrinsic pathway,
which activates initiator caspase-8 and -10, or the intrinsic pathway, which activates
initiator caspases-9 and -2 (Fig. 10b). The extrinsic pathway is triggered by external
stimuli via the death receptors, leading to formation of the death-inducing signaling
complex (DISC), which recruits procaspase-8 for autoactivation. The intrinsic
pathway is activated upon cellular damage by, e.g., drugs or radiation. Selective
permeabilization of mitochondria releases cytochrome c into the cytosol, causing
the formation of the apoptosome complex, which leads to recruitment and activa-
tion of procaspase-9. At this point, the two pathways merge by activation of exe-
cutioner caspase-3 and -7, eventually leading to cell death.

Caspases have an absolute requirement for aspartate in the P1 position (hence
their name, for cysteine aspartate-specific protease). Many members have over-
lapping substrate specificities, which makes the generation of highly specific ABPs
very challenging. Early ABPs, such as fluoromethylketone-based FLICA
(fluorochrome-labeled inhibitors of caspases) (Bedner et al. 2000) and AOMKs by
the Bogyo laboratory (Kato et al. 2005; Berger et al. 2006) were not selective for
individual members, but have been useful for labeling active caspases in lysates and
living cells. Using caspase ABPs, Berger et al. found that an early full-length
intermediate of caspase-7 is catalytically active and is further processed by exe-
cutioner caspases (Berger et al. 2006). This illustrates the power of ABPs to dissect
protease activation pathways.

In an attempt to develop caspase selective probes for optical imaging of apop-
tosis, Edgington et al. introduced a proline residue at the P2 position in order to
decrease cathepsin B cross-reactivity. This probe was used to noninvasively image
apoptosis in xenograft mouse models of cancer (Edgington et al. 2009).
Cross-reactivity with the clan CD protease legumain was still observed, and the use
of non-natural amino acids in the P3 position to overcome this led to probes that
were poorly permeable to cells. Recently, Blum and co-workers were able to further
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optimize qABPs for caspases by decreasing the cross-reactivity with legumain
(Shaulov-Rotem et al. 2016). This probe revealed the unexpected presence of active
caspase-3 in the endoplasmatic reticulum of apoptotic cells.

4.3 Malt1

MALT1 is a cytosolic cysteine protease and the only human member of the
paracaspase family. As part of the CARMA1-BLC10-MALT1(CBM)-complex, it
leads to activation of the transcription of NF-jB target genes (Hachmann et al.
2012). Unlike most proteases, MALT1 activation does not require an autoprote-
olytic cleavage reaction, but relies on dimerization and additional stabilization
through substrate/inhibitor binding (Hachmann and Salvesen 2016). Its proteolytic
activity is essential for survival of activated B cell subtypes in diffuse large B cell
lymphoma (ABC-DLBCL), a common type of non-Hodgkin’s lymphoma
(Hailfinger et al. 2009), making it a promising therapeutic target. In addition,
experiments in MALT-1 deficient mice show that they are protected from experi-
mental autoimmune encephalomyelitis (EAE), suggesting that MALT1 inhibi-
tion might be used as a treatment for various central nervous system
(CNS) demyelinating diseases, like multiple sclerosis (Mc Guire et al. 2013).

In contrast to the classical caspases, MALT1 has a preference for arginine in the
P1 position (Hachmann et al. 2012). The first reported MALT1 inhibitor was a
fluoromethyl ketone attached to the tetrapeptide sequence Cbz-VRPR (P4–P1),
which is based on the MALT1 substrate BCL-10 (Yu et al. 2011). The inhibitor and
further substrate specificity information led to the development of several ABPs.
These showed cross-reactivity with cathepsin B, which was overcome by an
activity-based ELISA (see Sect. 2.3) (Eitelhuber et al. 2015).

The group of Overkleeft synthesized a probe based on the covalent MALT1
inhibitor MI-2 (Fig. 11a). MI-2 contains a chloromethyl amide moiety, which was
thought to react with the active site cysteine (Fontan et al. 2012). Surprisingly

Fig. 11 Selected structures of ABPs for MALT1 and matriptase. aMI-2 based probe for MALT1.
The chloroacetamide reacts covalently with a nucleophilic residue outside the active site. b A
chloromethyl ketone ABP for matriptase. c A diphenyl phosphonate ABP with two benzguanines.
For matriptase, these are thought to interact with the S1 and S2 pockets, for matriptase-2 with the
S1 and S3/S4 pockets
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however, the MI-2 based ABPs labeled both wild-type and C464A active site
mutant of MALT1, suggesting that this inhibitor reacts at another site in the
MALT1 protein (Xin et al. 2016). Hence, the mechanism of action of the MI-2
inhibitor needs to be revisited.

4.4 The Proteasome

Apart from general protein turnover, the proteasome plays an important role in
antigen presentation and other cellular processes by degradation of, e.g., cell cycle
regulators, transcription factors, and enzymes. For this reason, the proteasome is a
drug target and multiple proteasome-targeting drugs are on the market for treatment
of multiple myeloma. To explore the biological role and biomedical potential of the
proteasome, there is a need for proteasome-selective ABPs.

The barrel-shaped assembly of the proteasome holds three different catalytic
subunits: b1 (caspase-like), b2 (trypsin-like) and b5 (chymotrypsin-like).
Specialized catalytic subunits with slightly different substrate specificities exist in
the immunoproteasome (b1i, b2i, b5i) and the thymoproteasome (b1i, b2i, b5t),
which occur in specialized immune cells (Tanaka and Kasahara 1998) and cortical
thymic epithelial cells (Murata et al. 2007), respectively.

Broad-spectrum probes for the catalytic b-subunits of the constitutive protea-
some date back to as early as 1997 (Bogyo et al. 1997). As expected, these also
label the immunoproteasome (Kessler et al. 2001) and thymoproteasome subunits
(Florea et al. 2010). Highly selective ABPs for the separate subunits have only
recently been reported by a series of studies from the Overkleeft laboratory. Of
particular interest is a set of ABPs that is selective for each different catalytic
subunit b1, b2 or b5 (DeBruin et al. 2016). A set of subunit-selective inhibitors
(Britton et al. 2009; Screen et al. 2010; Geurink et al. 2013) were equipped with
fluorophores of different colors, enabling easy visualization of each subunit by
gel-based ABPP. This led to the development of inhibitors that are selective for
each of the six different catalytic subunits in the constitutive or immunoproteasome
(DeBruin et al. 2016). When these were again equipped with different fluorophores,
FRET experiments after native gel electrophoresis showed that not only constitutive
proteasomes (b1c, b2c, b5c) and immunoproteasomes (b1i, b2i, b5i) exist, but also
proteasomes with a mix of the active site subunits (de Bruin et al. 2016).

Subunit-specific ABPs have also been applied in plants. A recent study revealed
that in the tobacco plant N. bentamiana multiple isoforms of proteasome subunits
occur, and therefore the coexistence of different types of proteasomes
(Misas-Villamil et al. 2017). Moreover, infection with the pathogen P. syringae pv
tomato led to differential activities of the b1 and b5 subunits.
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4.5 Matriptase

The matriptase subfamily consists of serine proteases anchored to the membrane by a
transmembrane helix near the N-terminus (Bugge, Antalis and Wu, 2009). There are
four different members: matriptase, matriptase-2, matriptase-3, and polyserase-1.
The protease matriptase, after which the subfamily is named, is expressed as an
inactive zymogen, which needs a proteolytic cleavage to become active. After
cleavage, the protease domain remains attached to the membrane anchor by a
disulfide bond. Under normal physiological conditions, matriptase activity is regu-
lated by an excessive amount of its endogenous inhibitor HGF activator inhibitor-1
(HAI-1) (Oberst et al. 2003). HAI-1 also plays an important role in the expression,
intracellular transportation, and activation of matriptase (Oberst et al. 2003, 2005).

Matriptase is linked to several human diseases. Dysregulation of matriptase is
associated with various epithelial cancers (Miller and List 2013). Recently, it was
also found that matriptase is able to process the amyloid precursor protein (Lanchec
et al. 2017), thereby reducing Ab40 production, one of the toxic peptide species that
is responsible for senile plaque formation in the brains of Alzheimer patients.
Moreover, matriptase promotes replication of Influenza A viruses (Menou et al.
2017), further illustrating its various roles in human pathology. Its family member
matriptase-2 is key in human iron homeostasis and is mainly expressed in hepa-
tocytes (Silvestri et al. 2008; Bugge et al. 2009; Wang et al. 2014). These
biomedical roles have spurred an interest in probes for the matriptase family.

Godiksen et al. reported biotin-RQRR-chloromethyl ketone (Fig. 11b) as a
probe suitable for detection of active matriptase. This ABP, based on the preferred
P4-P1 sequence of matriptase (Béliveau et al. 2009), was selective for active
matriptase over the matriptase zymogen and HAI-1-bound matriptase. In general,
chloromethyl ketones are more reactive against cysteine proteases (Powers et al.
2002) and full selectivity of this probe will need to be explored. The Gütschow lab
utilized the more serine protease selective diphenyl phosphonate warhead to design
ABPs for matriptase and matriptase-2 (Häußler et al. 2016, 2017). As recognition
element, two benzguanidines were used as arginine mimetics (Fig. 11c), which are
putatively recognized by the S1 and S2 pocket of matriptase and the S1 and S3/S4
pocket of matriptase-2. Although the ABPs showed no selectivity between
matriptase and matriptase-2, the limited tissue distribution of matriptase-2 may
allow future visualization of matriptase.

5 Conclusions & Future Directions

Since the early 2000s, protease ABPP has made tremendous progress, as evidenced
by a large body of studies reporting new ABPs and new applications in biology.

Broad-spectrum ABPs can be utilized for various purposes, such as protease
profiling in different disease states and protease inhibitor screening. In combination
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with antibodies, broad-spectrum probes can even be used for the detection of
specific, active proteases, as discussed in Sect. 2.2.

Besides the generation of general ABPs for protease clans and families, it is now
also possible to develop highly selective probes that can discriminate between
members of the same protease family. Synthetic chemistry efforts that explore novel
reactive groups and recognition elements have been fundamental for these
advances.

However, challenges in protease ABPP remain. Although a handful of proteases
can now be detected by highly selective ABPs, over 500 proteases in the human
genome remain to be selectively targeted. We expect that techniques to interrogate
protease substrate specificity, especially in combination with non-natural amino
acids, such as HyCoSul (Poreba et al. 2017), will be instrumental in future
development of selective probes.

Although ABPs haven’t yet undergone translation into clinical settings,
promising preclinical animal studies have been reported. Topical administration of a
cathepsin-targeting qABP with NIR fluorescence in a glioblastoma mouse model
rapidly labeled tumor cells, especially the tumor margins (Cutter et al. 2012). This
could be of particular benefit during operative procedures to ensure that all tumor
cells are removed. Another study topically applied qABPs for detection of intestinal
polyps in mice (Segal et al. 2015). As some polyps can be difficult to detect by
conventional colonoscopy, protease-directed molecular imaging by using ABPs
may be a valuable clinical tool. Further progression in protease ABPP by a com-
bination of chemical and biological techniques will likely lead to clinical applica-
tion of protease ABPs in the near future.
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Abstract Lipids perform a wide range of functions inside the cell, ranging from
structural building block of membranes and energy storage to cell signaling. The
mode of action of many signaling lipids has remained elusive due to their low
abundance, high lipophilicity, and inherent instability. Various chemical biology
approaches, such as photoaffinity or activity-based protein profiling methods, have
been employed to shed light on the biological role of lipids and the lipid–protein
interaction profile. In this review, we will summarize the recent developments in the
field of chemical probes to study lipid biology, especially in immunology, and
indicate potential avenues for future research.
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1 Introduction

Lipids are defined as hydrophobic biomolecules that dissolve in organic solvents,
but not in water. They perform a wide range of functions inside the cell, ranging
from structural building block of membranes and energy storage to cell signaling.
The discovery of the link between aspirin and prostaglandin synthesis showed that
lipids can modulate the immune system and that the enzymes involved in their
metabolism constitute interesting drug targets (Vane 1971). Since then, many
associations have been made between the immune system and signaling lipids in
the field of endocannabinoids, resolvins, steroid hormones, and vitamins A and D
(Mora et al. 2008; Pandey et al. 2009; Marshall-Gradisnik et al. 2009; Serhan and
Petasis 2011). However, due to the low abundance, high lipophilicity, and inherent
instability of many lipid signaling molecules, their lipid–protein interaction profile
and mode of action have remained largely elusive.

In recent years, several technical advances in mass spectrometry and innovative
chemical biology strategies have been developed to shed light on these lipids and
their protein interaction landscapes to study their biological function. Since its
inception, the field of lipidomics, which is the analysis of lipids and their interacting
partners within a biological system, has made great strides forward (Wenk 2005).
Standardization of protocols, increased availability of deuterated lipids, and the
high mass accuracy and resolution of modern mass spectrometers have made it
possible to measure many lipids in complex biological samples (Wenk 2010). In an
effort to systematically classify the rapidly expanding database of characterized
lipids, the Lipid Metabolites and Pathways Strategy (LIPID MAPS) consortium has
come up with a more concise definition of a lipid: a small hydrophobic or
amphipathic molecule that is formed at least partially by the condensation of
ketoacyl thioesters and/or isoprene units (Fahy et al. 2011). Based on these two
building blocks eight major lipid classes are defined: glycerophospholipids, glyc-
erolipids, fatty acyls, sphingolipids, sterol lipids, prenol lipids, saccharolipids, and
polyketides (Fig. 1) (Fahy et al. 2009).

The variability in chemical characteristics between the various lipid groups
makes it a challenge to measure all lipid species in one experiment. Different
sample preparation methods and measuring techniques are required to quantify
different classes of lipids (Yang and Han 2016). Adding to the challenge is the wide
range of alterations that lipids can undergo to form still non-identified lipid
derivatives. By combining the fields of chemistry and biology, some of these
challenges can be overcome.

The field of chemical biology has developed two main approaches to study
lipids: a) novel chemically modified lipids to study their biological role and b)
chemical tools to visualize and modulate the proteins involved in lipid metabolism.
To track lipids in a biological system, they can be functionalized with alkyne tags
(Gaebler et al. 2013; Robichaud et al. 2016). Using ligation chemistry, these
functionalized lipids can be visualized and identified (Hein and Fokin 2010). This
method has been used for the visualization of lipids in membranes, modification of
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proteins by lipids, and their metabolism (Hofmann et al. 2014; Tate et al. 2015;
Gaebler et al. 2016). Although the alkyne functionalization enables affinity
purification, this will only reveal protein interaction partners that are covalently
bound to the lipid.

To visualize lipid-interacting partners, such as binding proteins or metabolizing
proteins, photoaffinity or activity-based labeling can be used. These methods
require bifunctionalized lipids and probes. These molecules contain a photoreactive
group or an electrophilic warhead and an alkyne or azide, which are employed in
affinity-based protein profiling (AfBPP) and activity-based protein profiling (ABPP)
(Cravatt et al. 2008). Both methods enabled the visualization and identification of
the protein–lipid interactions (Wright and Sieber 2016).

In this review, we will summarize the recent developments concerning
lipid-based probes. The chemical tools are divided into two classes: affinity- and
activity-based probes. The affinity-based probes are discussed using the
LIPID MAPS classification system, while the activity-based probes are grouped
based on their enzyme class. Finally, we present some opportunities for future
research.

2 Lipid Photoaffinity Probes

Classical techniques to study protein–lipid interactions include microscale ther-
mophoresis, isothermal titration calorimetry, and surface plasmon resonance.
Recently, new techniques have emerged to study these types of interactions in a
native environment, such as live-cell imaging with fluorescent proteins or affinity
purification lipidomics. Most of these methods, however, rely on a predetermined
protein-of-interest and its modification. Compared to these techniques, photoaffinity
lipids offer new possibilities regarding throughput and biocompatibility.

Photoactivatable lipids are synthetic derivatives that retain the overall structure
and interactions of the parent lipid, but contain a photoactivatable moiety that may
form a covalent bond with its interacting partner. This covalent bond essentially
‘freezes’ the interaction and allows for affinity purification. Of interest, this inter-
action can be captured in complex native environments (Haberkant et al. 2013).
A number of photoreactive moieties are available, with differing synthetic acces-
sibility, reactivity, efficiency, and structural impact on a probe. Three photoreactive
groups are routinely used: diazirines, benzophenones, and aryl azides (Fig. 2).
Their properties and reactivity have been previously discussed in excellent reviews
(Bush et al. 2013; Sakurai et al. 2014; Kleiner et al. 2017).

The choice of photoactivatable group depends on its application. However, a
shift from benzophenones to diazirines has been observed in the last decade.
Increased synthetic efforts, the desire for a smaller modification, and the application
in a relative water-free inner membrane have contributed to this trend. In this
chapter, lipid photoaffinity probes for fatty acyls, glycero(phospho)lipids, sphin-
golipids, and sterols will be discussed.
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2.1 Glycero(Phospho)Lipids

One of the most well-studied lipid classes is the glycero(phospho)lipids. Their
amphipathic nature is essential for the formation of lipid bilayers, and they are
universally present in cellular membranes. Glycerolipids are composed of a glycerol
backbone that has been mono-, di-, or trisubstituted with a fatty acyl. In most
glycerophospholipids, the sn-3-position is esterified with a phosphate group, which
in turn can be substituted with different head groups. The most common substi-
tutions are a choline, ethanolamine, glycerol, serine, or inositol, giving rise to
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol
(PG), phosphatidylserine (PS), and phosphatidylinositol (PI), respectively. The
length and degree of unsaturation of the fatty acyl groups determine the physical
properties of the lipid, and its substitution pattern on the phosphate group dictates
its protein interactions partners on the membrane surface (Yeagle 2016). Different
types of lipids and their compartmentalization between cellular structures do not
only determine the physical properties of the biomembrane, but also regulate
protein activity, localization, or signaling events via lipid–protein interactions. Such
interactions can be discovered via application of photoaffinity lipid probes.

Phosphatidylserine (PS) lipids are primarily found on intracellular membrane
surfaces. When this asymmetry is disturbed during apoptosis, PS presentation is a
trigger for phagocytosis. Several PS analogues 1–5 containing a benzophenone and
alkyne click-handle were synthesized and shown to label PS-interacting proteins in
PS-lipid-mediated engulfment, such as prothrombin-1 (Fig. 3) (Bandyopadhyay
and Bong 2011).

To study membrane-associated proteins that are under-represented by traditional
proteomics, lipid probes based on phosphatidylcholine were made (Gubbens et al.
2009). The goal was to detect proteins interacting with the phospholipid head groups
in inner mitochondrial membranes. To this end, the photoreactive group was installed
on the solvent-exposed head group of the lipid. The aryl azide probe 6 and ben-
zophenone probe 7 were used to isolate proteins from Saccharomyces cerevisiae
mitochondria (Fig. 3). The identified targets consisted of known membrane inter-
acting proteins, like Gut2p and Cox2p, but also new proteins. Of note, the authors

O
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Fig. 2 Structures of three commonly used photoreactive groups
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concluded that aryl azide 7 is the preferred probe due to high background labeling
and labeling of highly abundant proteins with benzophenone 6 (Gubbens et al. 2009).

Phosphatidylinositol (PI) polyphosphates are a family of signaling lipids that act
as ligands for protein-membrane association. To discover the proteins that associate
with these lipids, two chemical probes based on the head group of phosphatidyli-
nositol 3,4,5-triphosphate have been synthesized (Rowland et al. 2011). Probes 8
and 9 were tested on the purified pleckstrin homology domain of protein kinase B, a
known phosphatidylinositol phosphate binder (Fig. 4). The shorter 8 gave better
signal, which can be attributed to its shorter linker length which positioned the
benzophenone closer to the protein. Probe 8 was applied to MDA-MB-435 cell
extracts, and 265 proteins were identified as phosphatidylinositol
3,4,5-triphosphate-binding proteins (Rowland et al. 2011).

To study the membrane-binding domain of PON1, a high-density lipoprotein
(HDL)-associated protein, phospholipid probe 10 was made with the photoacti-
vatable group on the head of the lipid (Fig. 4). After covalent photocrosslinking,
digestion and analysis by MS several residues localized closely together were found
on the surface of PON1, indicating the HDL-binding domain (Gu et al. 2016).

To study the ability of cardiolipin to form a complex with the mitochondrial
protein cytochrome c, several photoaffinity probes 11–13 were synthesized (Fig. 4).
These probes induced similar or higher cytochrome c peroxidase activity compared
to endogenous tetraoleoyl cardiolipin, indicating that the central hydroxyl group is
not necessary for activation. No follow-up study applying the labeling functionality
has appeared (Abe et al. 2015).

Several photoactivatable analogs of phosphatidylcholines are commercially
available. However, it is argued that lipids supplied to a living cell are differently
distributed than lipids synthesized within the cell, which distorts the interaction
profile reported by the probe (Peng et al. 2014). Moreover, palmitoleic and
myristoleic acid probes that contain both a diazirine and an alkyne can be incor-
porated in various glycerolipids and used as post-translational modifications
(PTMs), thereby further complicating the interpretation of the results of a pho-
toaffinity experiment. The solution was to incubate cells with an alkyne-tagged
choline 14 and diazirine-containing fatty acid 15 (Fig. 5). In this manner, the
photoaffinity experiment only captured the proteins that interacted with the in situ
synthesized phosphatidylcholine. Different combinations of alkyne- and
diazirine-containing components of PC were tested, but the combination of 14 and
15 gave the best results (Wang et al. 2017). This strategy yielded a PC-protein
interaction map in living cells. Two hundred and eleven high-confidence
PC-interacting proteins, mostly present in the cytosol, ER, mitochondria, and
nucleus were identified. The authors concluded that the double incorporation
strategy offered significant improvements for global mapping of genuine protein–
lipid interactions and indicated that the strategy is expandable to different lipid
classes, such as phosphatidylinositols (Wang et al. 2017).

Dilinolenoyl monogalactosyldiacylglycerol (MGDG) is an anti-inflammatory
signaling lipid (Ulivi et al. 2011). Three photoactivatable probes 16–18 were
synthesized to elucidate its mode of action (Fig. 5). The linolenoyl groups were
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replaced with a similar photoaffinity-click fatty acid (pacFA), or a minimalist linker
was tagged to the sugar moiety (Li et al. 2013). 16 Did not show any activity in an
inflammatory assay, but 17 and 18 had comparable activity to MGDG. This indicated
that an unmodified galactosyl moiety is essential for MGDG activity. Moreover,
when incubated, UV-exposed and washed, 17 lost all anti-inflammatory activity,
whereas 18 was still active. This implied that 18 was capable of both binding and
labeling an unknown target. With structure 16 as negative control, TLR4 was
identified as a probe target of 18 in human chondrocytes. Subsequent orthogonal
experiments demonstrated MGDG acted as TLR-4 antagonist (Liu et al. 2016).

Recently, caged photoaffinity probes including 19–21 were developed to study
biologically active signaling lipids with temporal, spatial, and subcellular resolution
(Figs. 6, 7 and 8). These caged probes contain a fluorescent coumarin group, which is
released upon irradiation with a certain wavelength light that does not activate the
diazirine moiety. Microscopy experiments indicated that all lipids were indiscrimi-
nately localized to internal membranes and the cytoplasm. Uncaging, pho-
tocrosslinking, and ligation with a different fluorophore showed that each lipid
localized to distinct cellular components. Controlled release of DAG via uncaging
was also shown to be feasible. Elevated diacylglycerol (DAG) levels are known to
trigger translocation of C1-domain-containing proteins to the plasma membrane
(Nadler et al. 2013). Immediate translocation of C1-linked green fluorescent protein
(GFP) was observed when 19 was uncaged in HeLa cells (Höglinger et al. 2017).
DAG turnover was subsequently quantified on a population-wide and single-cell
level. The authors suggested that standard biochemical experiments to measure DAG
metabolism were inherently flawed, since they only measure combined lipid transport
and metabolism. Moreover, striking differences were found between DAG turnover
on a cell-to-cell level, indicating that heterogeneity might be an underrated compli-
cation of lipid signaling (Höglinger et al. 2017). In addition, a pull-down experiment
with probe 19–21 was performed with HeLa cell proteome affording 130 19-specific
binding proteins. As the probe contains arachidonic acid, the hits were compared to
the targets of arachidonic acid-based probes 22 and 23 (Fig. 7). Remarkably, only 17
proteins of the 130 hits were overlapping, showing that probe 19 has mostly
DAG-specific interactions. Thus, the two activatable functionalities allowed to
investigate different aspects of the lipids with the same probe (Höglinger et al. 2017).

2.2 Fatty Acids

Fatty acids are constituents of other lipid classes, such as glycerol(phospho)lipid,
glycolipids, and ceramides, but also have their own signaling roles. In addition,
they can be incorporated by proteins as a post-translational modification embedding
the proteins into the lipid membrane. The length of fatty acid varies, just as its
degree of unsaturation. An unsaturated lipid has one or more double bonds, usually
in a cis-configuration and with one methylene group in between. Furthermore,
oxidative enzymes, such as lipoxygenases, cyclooxygenases, and cytochrome
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P450 s, metabolize polyunsaturated fatty acids (i.e., arachidonic acid) into bioactive
signaling molecules. For example, endothelium-derived epoxyeicosatrienoic acids
(EETs) are lipid signaling molecules with various biological activities. In search of
a high-affinity G protein-coupled EET receptor for 14,15-epoxyeicosatrienoic acid,
epoxide-containing lipid 24 equipped with a photoactivatable aryl azide, and
radioactive iodide as reporter group was synthesized (Fig. 7). The probe showed
EET agonist activity and labeled a 47-kDa band which could be outcompeted with
several EET agonists and antagonists (Chen et al. 2011).

The structurally related probes 25 and 26 have been used to study the binding
mode of EETs in the soluble epoxide hydrolase (sEH) enzyme (Fig. 7). The
stereoselectivity of the epoxide dictated the binding mode, but this has not been
confirmed by testing the individual enantiomers of the probes (Lee et al. 2017).

Bifunctional probe 27 was synthesized to study in vivo protein–lipid interactions
(Fig. 7) (Haberkant et al. 2013). A palmitic acid mimic was incorporated into
different lipid classes and proteins. Proteomic analysis resulted in the identification
of 214 lipid-interacting proteins. Ligation to a fluorophore visualized the
probe-bound proteins in nematode larvae. Moreover, the probe was metabolically
incorporated in 185 additional proteins, thereby highlighting the versatility of
bifunctional probes in studying protein–lipid interactions (Haberkant et al. 2013).

Others also exploited this type of metabolic incorporation. For example, probe
28 was incorporated in S-palmitoylated membrane proteins (Fig. 7). The pho-
toaffinity group allowed the capture protein–protein interactions of IFITM3, a
protein with antiviral properties. This method was validated by studying VAPA—a
known interaction partner of IFITM3—after which a pull-down experiment affor-
ded 12 novel interaction partners of IFITM3 (Peng and Hang 2015).

The endocannabinoid anandamide is a signaling lipid involved in neurotrans-
mission. To map the anandamide-binding proteins, photoaffinity probes 22 and 23
and two control probes based on oleoylethanolamide and palmitoylethanolamide
were synthesized (Fig. 7). More than thousand interacting proteins were identified,
including NUCB1, NENF, and VAT1. These probes were subsequently employed
to discover ligands for the lipid-binding pockets of said targets using competitive
fluorescence polarization assays (Niphakis et al. 2015). In addition, lipid probes 22,
23, and 29 were utilized to determine the selectivity profile of small molecules
occupying lipid-binding pockets (Fig. 7). This strategy was referred to as lipid–
protein interaction profiling (LiPIP ) (Lum et al. 2017).

2.3 Sphingolipids

Sphingolipids are lipids that have sphingosine (or a derivative) as scaffold. Similar
to glycerolipids, most of the sphingolipids exist in the form of a phosphate ester and
a fatty acyl amide bond. Sphingomyelin, one of the most common sphingolipids,
serves mainly a structural purpose, but its derivatives are increasingly recognized as
important signaling molecules.
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The last decade has witnessed a continuous progression in the development of
chemical probes to identify sphingolipid-binding proteins. For example, Haberkant
et al. synthesized probes 30 and 31, which were rapidly incorporated into
sphingolipids (Fig. 8). Caveolin-1 and nicastrin were identified as sphingolipid-
interacting proteins (Haberkant et al. 2008). In 2010, photoactivatable sphingosine
32 was made and was co-incubated together with radioactive [3H]choline in
fibroblasts from healthy subjects or patients with Niemann-Pick A disease (Fig. 8)
(Aureli et al. 2010). The storage of sphingomyelin was found to be disregulated in
fibroblasts of the patients. In 2015, the photoaffinity-click sphingosine (pacSph) 33
was developed, which led to the identification of 186 pacSph-enriched proteins
(Haberkant et al. 2016). As a control, fatty acid probe 27 was used. Although
pacSph 27 and 33 have a different structure and are metabolized via separate
pathways, substantial overlap between the interacting proteins was found (Figs. 7
and 8). It was suggested that different photoaffinity-click lipids might not be suit-
able as control compounds. Four potential issues should be taken into considera-
tion: (i) Both lipid probes could be incorporated into phosphatidyl cholines (PCs),
(ii) proteins may have two or more lipid-binding sites, (iii) a single lipid-binding
site may be able to recognize multiple lipids, and (iv) alterations made on the lipids
may alter their physiochemical properties (Haberkant et al. 2016). Nevertheless,
pacSph 27 probe seems to be a more versatile tool to discover new sphingosine-
binding proteins compared to 30 and 31. Finally, functional uncaging of pacSph 21
afforded 64 pacSph-specific binding proteins, of which 14 were also found using
uncaged pacSph (Höglinger et al. 2017).

Ceramide, a sphingosine containing a fatty acyl amide, is a signaling molecule
with pro-apoptotic activity. In search of ceramide-binding proteins, a number of
photoaffinity probes with pacFA as basis have been synthesized. The targets of
ceramide probe (pacCer) 34 were compared to the interaction partners of gluco-
sylceramide (pacGlcCer) 35 in cytosolic fractions of various cell lines. CERT, a
protein with a StAR-related lipid-transfer domain was chosen as model protein to
study structure–activity relationships of the lipid-binding pocket using probes 34–
39 (Figs. 6 and 9) (Bockelmann et al. 2018).

2.4 Sterols

Sterols are lipids with rigid, fused rings with one or more hydroxyl groups, which
gives them amphiphilic properties. Cholesterol is the most abundant sterol found in
mammalian cells. Cholesterol alters the fluidity of the membrane and is a con-
stituent of lipid rafts, which are liquid-ordered regions of the plasma membrane
high in cholesterol and glycosphingolipids, sequestering specific proteins (Pike
2003). The lipid environment alters the biological properties of the embedded
proteins, and the noncovalent interaction of sterols to proteins has had a surge of
interest in recent years.
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Various types of cholesterol probes have been synthesized. Structures 40–42 are
diastereomers and showed similar labeling patterns on gel (Fig. 10) (Hulce et al.
2013). In a pull-down experiment with trans-sterol probe 40 about 850 proteins
were enriched using no UV and no probe as controls. Nearly 700 proteins showed a
preference over a palmitoylethanolamide-based probe.

To map cholesterol binding sites in VDAC1, 43 and 44 were synthesized
(Fig. 10). Purified recombinantly expressed mouse VDAC1 was used in a top-down
and bottom-up proteomics analysis to map the binding pocket. The binding site was
found to include Thr83 and Glu73 (Budelier et al. 2017).

To study the transfer of cholesterol between NPC1 and NPC2, the cholesterol
derivative 45 has been synthesized to stabilize the protein transition state during the
handoff (Fig. 10). Supported by previously reported cross-linked bile acids and
modeling studies, the probe was supposed to stabilize protein dimer complexes. No
follow-up studies have been reported to date (Byrd et al. 2015).

Bile acids are sterols that aid in dietary lipid digestion, but also act as signaling
molecules that regulate lipid and glucose metabolism (Zhou and Hylemon 2014).
Three probes based on the general structure of bile acids have been synthesized
with the diazirine and alkyne positioned on different parts of the scaffold (Zhuang
et al. 2017). Probes 46–48 incubated at 50 µM and competition with a twofold
excess of competitor afforded 331 proteins that were labeled by all three structures,
which provided evidence to assign them as bile acid interacting proteins (Fig. 11).
Six known and unknown bile acid binding proteins were validated by overex-
pression, labeling with or without a competitor and immunoblotting to show probe-
and UV-specific enrichment of these proteins. In view of their structural similarity
to cholesterol probes 40–42, the bile acid binding proteins were compared to the
cholesterol targets. 146 proteins were shared by both lipid classes.

The development of betulinic acid-based probes has been reported, including
photoactivatable probes 49 and 50 (Fig. 11) (Guo et al. 2017). Probe 49 was armed
with a 2-aryl-5-carboxytetrazole, a recently developed photoactivatable linker with
high crosslinking efficiency (Herner et al. 2016). A pull-down experiment per-
formed with both probes afforded 150 proteins, which were subsequently triaged
using control experiments. This afforded 9 and 13 unique proteins for structure 49
and 50, respectively. The lack of overlap between the two probes was rationalized
by the difference in location and reactivity of the photoactivatable group. Of note,
most of the 50-bound hits coincided with the results of Zhuang et al. 2017, indi-
cating the reliability of these hits (Guo et al. 2017).

Two probes based on the sterol oleanolic acid have been synthesized (Zhang
et al. 2012). To test functional similarity to the parent structure, they were tested in
a RMPGa inhibition assay, where 51 showed a twofold and 52 a fivefold reduction
of potency compared to oleanolic acid (Fig. 11). Probe 51 labeled two bands
UV-dependently in soluble proteomes prepared from HepG2 cells which could be
outcompeted with oleanolic acid (Zhang et al. 2012).
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2.5 Promiscuous Lipid-Binding Proteins

Chemical proteomic datasets contain an enormous amount of data, making it a
challenge to distinguish real specific interacting partners from background proteins
for a chemical probe. This necessitates the careful design of the experiment with
negative controls. Due to a bias toward highly abundant proteins and potential
co-purification of other proteins with probe targets, negative controls do not always
cover the whole spectrum of background proteins. To combat this problem, twelve
laboratories have combined the data of >300 negative control experiments to
establish a database of common background proteins. This contaminant repository
for affinity purification (CRAPome) is a useful tool to identify common background
proteins (Mellacheruvu et al. 2013). In case of affinity-based protein profiling, one
also needs to keep in mind the specific background labeling proteins associated
with each individual photoreactive group (Kleiner et al. 2017). The CRAPome
database can be used for analyzing (photoaffinity) proteomic datasets. However, it
is confined to the background of the purification method (CRAPome) or photore-
active group (Kleiner et al. 2017). When conducting chemical proteomics with lipid
probes, one also has to account for the nonspecific interactions due to the lipophilic
character of the probes. A different set of background proteins could therefore be
envisioned based on hydrophobic interactions with lipid probes.

To compile a database of promiscuous lipid-binding proteins, we have com-
bined, compared, and ranked all the enriched target proteins of probes 8, 14, 15, 19,
21, 22, 23, 27, 29, 33, 40, and 47. For each probe, the criteria of the authors for
assigning probe targets were used. Where possible, the proteins identified in mul-
tiple cell lines were used. This resulted in a list of 1367 distinct proteins of which
176 targets were found in � 4 experiments (from a total of 11 experiments)
(Fig. 12a). Of note, only 13 of these proteins were identified as background proteins

Times identified in multiple datasets
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Fig. 12 a Overview of how many times a protein was targeted by different probes. In total, 1367
proteins were identified of which 176 (13%) were found in at least 4 of the 11 experiments.
b Overview of the number of probe targets and promiscuous lipid-binding proteins identified by
each probe. The red line is set at 176 and visualizes the maximum amount of promiscuous
lipid-binding proteins
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by the CRAPome (using >20% of total entries as cutoff criteria) (Mellacheruvu
et al. 2013). An overview of the 176 most promiscuous lipid-binding proteins can
be found in the supplementary. It was found that (caged) photoaffinity probes 8, 19,
and 21 were highly selective (Fig. 12b) with the smallest number of common
targets. The other probes interacted with targets also detected by different probes to
some extent (Fig. 12b). Without diligent controls, such as competition with the
endogenous ligand, caution would therefore be advised before assigning these
targets as probe-specific proteins.

3 Lipid Activity-Based Probes

Activity-based protein profiling (ABPP) uses a chemical probe to covalently label
and identify an enzyme or class of enzymes in a biological sample. Activity-based
probes (ABPs) consist of a reactive group or warhead and a reporter tag. ABPs can
further be divided into one-step and two-step probes based on the presence of a
reporter tag during labeling or ligation of the tag after the labeling event using click
chemistry, respectively. The scaffold of the probe combined with the reactive group
determines the affinity and selectivity of the ABP.

The advantage of using ABPP over transcriptomics or whole-cell proteomics is
the ability to quantify the amount of active proteins, whereas alternative methods do
not discriminate between active or inactive protein forms. If a protein is inactive
due to a post-translational modification (PTM) or blocked by a non-allosteric
inhibitor, it will not react with the ABP, because the reactive group interacts with
the active site of the enzyme.

Most of the groundwork for ABPP has been done in the field of serine hydro-
lases. This class of enzymes consists of more than 200 enzymes of which half are
serine proteases and other half metabolic enzymes with an active site serine (Long
and Cravatt 2011). The group of metabolic serine hydrolases can be divided into
(thio)esterases, lipases, peptidases and thus can hydrolyze a wide variety of bonds
(Simon and Cravatt 2010). Lipases hydrolyze triglycerides feeding liberated fatty
acids back into the b-oxidative pathway. Next to their role in the energy household
of cells, lipases also play a role in cellular signaling as some of their products, such
as 2-Arachidonoylglycerol (2-AG) and anandamide are endogenous ligands of the
cannabinoid receptors. The amidase FAAH hydrolyzes a variety of endocannabi-
noid lipid amides, thereby inactivating these lipid messengers. It is because of their
wide variety in role and function that this protein class has gotten so much attention
in the last years.

The first ABP for this class of enzymes was fluorophosphonate (FP)-biotin
which is a one-step probe with a FP-warhead (Liu et al. 1999). Together with the
FP-TAMRA probe 53, they are routinely used in this field for the mapping of
activity profiles of serine hydrolases in different animals or tissues or for the
determination of selectivity profiles of inhibitors (Baggelaar et al. 2017; Zweerink
et al. 2017; Van Esbroeck et al. 2017; Lentz et al. 2018; Rooden et al. 2018).
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By tweaking the scaffold of traditional FP probes, subclass-selective probe 54 for
serine phospholipases was made (Tully and Cravatt 2010). This demonstrates that
the scaffold and reactivity of the warhead are key for affinity and selectivity of a
probe (Fig. 13).

The FP probes enabled measurement of the activity of a wide range of serine
hydrolases, but do not completely cover the entire family. Several complementary
ABPs have therefore been developed. For example, MB064 (55) is based on the
scaffold of tetrahydrolipstatin (THL), a promiscuous lipase inhibitor that also
labeled DAGL-a, which is not targeted by FP-TAMRA (Baggelaar et al. 2013).
Compared to FP-TAMRA (53), MB064 (55) showed a more limited labeling pat-
tern, thereby complementing the serine hydrolase toolbox (Baggelaar et al. 2017).
Another example is JW576 (56), an ABP selective for KIAA1363, which can also
be used as an imaging biomarker (Fig. 13) (Chang et al. 2012).

Another group of selective serine hydrolase probes is the triazole urea probes
DH379 (57) and HT-01 (58) (Hsu et al. 2012; Ogasawara et al. 2016). These probes
show selectivity for DAGL-a and DAGL-b. HT-01 has been used in the field of
immunology to study the regulatory role of DAGL-b in the inflammatory response of
macrophages (Hsu et al. 2012). The last example in this group is the FAAH-selective
probe PF-04457845yne (59) (Fig. 13) (Ahn et al. 2011). This probe was synthesized
to study the off-targets of covalent FAAH inhibitor PF-04457845 directly. This ABP
proved to be selective for FAAH in mouse brain and liver tissue, thus illustrating how
ABPP can be used to profile the off-targets of covalent drug candidates.

More recently, two probes (60 and 61) for a related class of enzymes, the
lysosomal cysteine hydrolases, have been published (Fig. 14) (Ouairy et al. 2015;
Romeo et al. 2015). This group of hydrolases is also involved in the hydrolysis of
lipids, but performs its activity via an active site cysteine instead of a serine. Both
probes are activity-based and react with the active site cysteine. However, they use
different warheads for this purpose. The carmofur-based probe 60 uses a
5-fluorouracil group and ARN14686 (61) uses a b-lactam. Probe 60 labeled acid
ceramidase (AC) and ARN14686 (61) was shown to label both AC and
N-acylethanolamine acid amidase (NAAA). Changing the ligation tag of 61 led to
the development of norbornene-ABP 62 and an BODIPY-ABP 63 based on a N,
O-substituted threonine-b-lactam (Petracca et al. 2017). Both probes react with
NAAA and could be used to label NAAA directly (Fig. 14).

Another interesting group of ABPs is the probes 64 and 65 for beta-glucosidases,
such as GBA that hydrolyze glucosylceramide (Fig. 14). ABP 64 was shown to be
selective for GBA1 (Witte et al. 2010), whereas ABP 65 acted as a broad-spectrum
probe for GBA1, GBA2, GBA3, and LPH (Kallemeijn et al. 2012). These probes
are currently used to study Gaucher disease in which deficiency of GBA1 leads to
accumulation of its substrate.

RPE65 or retinoid isomerohydrolase is essential in the visual cycle and converts
all-trans-retinyl esters to 11-cis-retinol (Cai et al. 2009). LRAT transfers acyl
groups from lecithin to all-trans-retinol yielding retinyl esters, which provides the
substrate for RPE65 and is therefore also part of the visual cycle (Jahng et al.
2003b). ABPP has also made its entry into the field of the lipid vitamins.
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An one-step probe all-trans-retinyl chloroacetate (RCA) (66) mimicking retinyl
acetate was synthesized in 2002 containing a chloroacetate warhead and a cleavable
biotin linker (Fig. 15) (Nesnas et al. 2002). This ABP 66 was shown to label RPE65
and lecithin retinol acyltransferase (LRAT) in retinal pigment epithelial membrane
(Jahng et al. 2003a). Although this ABP 66 has proven to be a great tool for
visualizing interactions of retinoids with enzymes involved in the visual cycle, it
has so far found no application outside of the field.

Another lipid soluble vitamin, vitamin D3, has a chemical 14C labeled probe 67
visualized by phosphorimaging (Fig. 15). Though not activity-based, this probe 67
was able to covalently label the vitamin D-binding protein (DBP) by reacting with a
bromoacetate to the tyrosine of the binding protein (Swamy et al. 2000a). A similar
affinity probe based on the 1,25-dihydroxyvitamin D3 equipped with a bromoac-
etate was shown to label the vitamin D nuclear receptor (VDR) (Swamy et al.
2000b).

Lipoxygenases oxygenate polyunsaturated fatty acids (PUFAs) and are essential
metabolic enzymes in the formation of resolvins. N144 (68) is a recently developed
ABP for 15-lipoxygenase-1 (15-LOX-1) (Eleftheriadis et al. 2016). N144 (68)
mimics linoleic acid using a bis(alkyne)core to interact with the active site of the
enzyme via its radical mechanism (Fig. 15). It also possesses a terminal alkene,
which can be utilized as a handle in an oxidative Heck reaction with biotinylated
phenylboronic acid to ligate a biotin reporter tag (Ourailidou et al. 2014).

Although not activity-based, arylfluorosulfate probes 69 have recently been
shown to covalently label intracellular lipid-binding proteins (Fig. 15) (Chen et al.
2016). These probes have been shown to react with a reactive tyrosine inside the
binding pocket of cellular retinoic acid binding proteins (CRABPs) and fatty acid
binding proteins (FABPs). These arylfluorosulfates enable the visualization of these
lipid trafficking proteins and their ligands without the need of probes with a pho-
toaffinity group.

4 Opportunities

So far the majority of lipid chemical probes consist of photoaffinity probes.
A general trend can be observed when surveying the published structures for lipid
AfBPP from the last seven to eight years. Before that, many photoaffinity lipids
consisted of benzophenone-modified lipids, lacking a reporter group. When they
did contain a reporter group, it was usually a fluorophore or radioactive isotope and
was exclusively used for the study on purified proteins or cell lysates (Xia and Peng
2013). These probes could be used to locate binding sites on known binders or
show binding proteins on a gel. However, identifying novel proteins with these
reporters (or lack thereof) is challenging.

In recent years, the radioactive reporters, bulky fluorophores and linker-attached
biotin groups are being replaced with an alkyne, ameliorating the challenging
synthesis of probes based on biomolecules. Besides its minimal impact on the
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structure, the alkyne group also offers increased flexibility in the experimental
setup. With an increasing amount of click chemistry possibilities and a large library
of commercially available azides, the same alkyne photoaffinity probe can be used
for detailed binding studies and global AfBPP.

An interesting combination of a global and detailed study is described for lipid
probes 22 and 23, in which a probe target and its binding site were discovered in
living cells without any protein purification or overexpression, using the
isoTOP-ABPP platform and a isotopically labeled cleavable TEV linker. This
double enrichment method, first probe-bound protein enrichment followed by
probe-bound peptide enrichment, allows the discovery of probe targets and binding
sites in a complex mixture (Weerapana et al. 2007; Niphakis et al. 2015).
Techniques like isoTOP-ABPP becoming more feasible will be a major driving
force in the applicability of lipid probes.

Protein–protein interactions can be mediated through lipid PTMs. Introduction
of both an alkyne and diazirine seems to moderately affect the capability of a lipid
to be recognized by its interacting proteins and incorporated as a PTM. This
strategy has been used by several groups to discover lipidated proteins and their
interaction partners (Peng and Hang 2015; Wright et al. 2015). As lipidation is a
common PTM, this approach should be applicable to lipids other than simple fatty
acids, most notably the class of prenyl lipids.

Challenges for lipid probes include their metabolism and high lipophilicity.
Membrane lipid composition is tightly regulated, and any imbalance is quickly
rectified, complicating the identification of the exact lipid species by the tagged
protein (Haberkant et al. 2016). Making metabolically inactive, ‘caged’ derivatives
are suggested to ameliorate this problem, allowing the lipid probe to distribute
before releasing the bioactive lipid in a controlled manner (Höglinger et al. 2017).
Moreover, the metabolism can also be exploited, as demonstrated by Aureli et al.
and Wang et al. by incubating the cells with a reporter group and photoactivatable
group installed on different parts of a bioactive molecule. Only the assembled
combination of the two parts will function as a probe (Aureli et al. 2010; Wang
et al. 2017). Of note, different probes based on the same lipid have overlapping, but
distinct labeling profiles. To increase the reliability of a photoaffinity project,
multiple active and preferably even inactive variants should, therefore, be made
(Arrowsmith et al. 2015). Moreover, it suggested that probes should be outcom-
peted by their parent lipid to increase the amount of specific binders in a probe
target dataset. However, a-specific lipophilic interactions often prevail and cannot
be outcompeted (Hulce et al. 2013; Zhuang et al. 2017; Bockelmann et al. 2018).

A-specific binding is also an inherent issue with photoactivatable groups, which
lead Sieber and colleagues to make an inventory of common off-targets bound by
aryl azides, benzophenones, and most thoroughly diazirines. Next to the
CRAPome, this database should be consulted when performing photoaffinity
pull-down experiments (Mellacheruvu et al. 2013; Kleiner et al. 2017). Moreover,
the data in Chapter 2.5 from analysis performed on the targets of over ten different
lipid photoaffinity probes can also be used to recognize promiscuous lipid binders.
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As noted above, activity-based lipid probes are relatively under-represented,
thereby providing great opportunities in the field of chemical biology. Particularly
in the field of immunology, where lipid signaling molecules are increasingly rec-
ognized as important regulators of the immune response, there is ample room for
novel activity-based lipid probes.

4.1 Endocannabinoids

The serine hydrolase ABPs discussed in Sect. 3 have been widely used to study the
endocannabinoid system (ECS) and the effect of its lipid messengers on the central
nervous system (CNS). The main receptors for these lipids are the cannabinoid
receptor type 1 and type 2 (CB1 and CB2 receptor respectively). While CB1 is
mainly expressed within the central nervous system, CB2 is mainly expressed in
immune cells and tissue (Cabral and Griffin-Thomas 2009). Since the discovery of
the CB2 receptor, a lot of effort has gone into determining its expression level in
different immune cell types (Turcotte et al. 2016). This work is done either by
looking at the mRNA levels of the receptor or by western blotting with specific
antibodies. Both of these methods, however, have drawbacks. While mRNA levels
do intuitively correlate with protein levels, it gives no information about the actual
activity of the receptor. Protein degradation, PTMs, and protein–protein interactions
are important factors in regulating the amount of active enzyme. The presence of
protein mRNA does therefore not predictably correlate with the amount and activity
of an enzyme. While correlating with the amount of protein, antibodies on the other
hand can have cross-reactivity problems (Weller 2016). Without the necessary
quality controls and with different groups using different antibodies, it is a difficult
task to determine which results are significant and reproducible. Recently, it has
been shown that photoaffinity probes can also be used as an alternative to antibodies
(Soethoudt et al. 2018).

With endocannabinoids being implicated in more and more immune diseases, the
field of immunology is a clear application area for existing and future lipid chemical
probes (Basu and Dittel 2011; Pacher and Mechoulam 2011; Chiurchiù et al. 2015,
2018). These ABPs would enable the visualization of levels of active enzyme in
immune cells as has been shown with the HT-01 probe 58 for DAGL-b in macro-
phages (Hsu et al. 2012). Coupled with cell sorting techniques, the effect of different
kinds of stimulation on the ECS can be analyzed. This technique could also be used
to make a comparison between tissue/cells in healthy and disease states.

4.2 Steroid Hormones

The steroid hormones can be divided into two categories: sex steroids and
corticosteroids. They are all derived from cholesterol and are fat-soluble.
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These hormones act as lipid messengers and interact with nuclear steroid receptors
influencing gene expression. More recently, they have also been implicated to act
via different, faster pathways localized in the cytoplasm (Norman et al. 2004). Due
to the sexual dimorphism in the immune system, sex steroids have long been
implicated to affect the immune system. Testosterone seems to suppress the
immune system leading to a lowered immune response to infections and vaccines in
men (Furman 2015; Trigunaite and Dimo 2015). Females seem to have a more
robust immune response, but are more susceptible to autoimmune diseases possible
due to the modulatory effects of estrogen (Cunningham and Gilkeson 2011;
Waldmann et al. 2016). Most research in this field has focused on administering
steroid hormones, removing hormone-producing organs or protein knockouts
(Homo-Delarche et al. 1991; Lai et al. 2012). We therefore envision potential for
steroid hormones based lipid probes. For example, no photoaffinity probes based on
the scaffold of its steroid hormone derivatives and no activity-based probes have
been published so far. These probes would enable investigation of steroid hormone
interactions while keeping the biological system in its natural state. They could also
reveal previously unknown hormone–protein interactions.

4.3 Lipid Soluble Vitamins

The lipid soluble vitamins, vitamin A and D, exercise their effect via the same
mechanism as the steroid hormones by binding to their nuclear receptors, the
retinoic acid receptor (RAR) and vitamin D receptor (VDR), respectively (Carlberg
1999). Vitamin D, synthesized in the skin under influence of light, is a secosteroid
and therefore also structurally resembles the steroid hormones. Both lipid vitamins
have been implicated to affect the immune system (Mora et al. 2008). A radioactive
photoaffinity probe and a radioactive affinity-based probe for Vitamin D have been
synthesized and applied (Ray et al. 1991; Swamy et al. 2000a). These probes may
be replaced by novel ABPs with a diazirine as a less bulky photoactive group and
addition of a click-handle to enable proteomics studies. An activity-based probe to
study the metabolism of the active metabolite of vitamin D throughout the immune
system would be a new addition to this toolbox.

In the case of vitamin A, direct photoaffinity labeling with radioactive retinoic
acid was enabled by its inherent photoreactive characteristics (Bernstein et al. 1995;
Chen and Radominska-Pandya 2000). A radioactive photoaffinity probe based on
retinoic acid has been synthesized, but AfBPs has not been performed due to lack of
a ligation handles for application in chemical proteomics studies (Shimazawa et al.
1991). The activity-based probe for retinyl ester processing enzymes has not yet
been tested outside of the retinal pigment epithelial membrane (Jahng et al. 2003a).
The application of this ABP in the field of immunology would be interesting.
Furthermore, activity-based probes based on retinol, retinal and the immunologi-
cally active metabolite, retinoic acid, would be valuable additions to this field.
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The other lipid soluble vitamins, such as vitamin E and K, have not been studied
using ABPs. Vitamin E has been associated with T-cell differentiation and
decreased cellular immunity in aging (Moriguchi 1998; Moriguchi and Kaneyasu
2003). Next to its antioxidant activity, it has also been implicated as a potential
orphan nuclear receptor ligand (Soontjens et al. 1996; Carlberg 1999). The syn-
thesis of a vitamin E derivative containing a diazirine and an alkyne click-handle
would therefore be an important chemical tool to unravel its protein interactions and
mechanism of action. Such a photoaffinity probe could help to find the proposed
nuclear receptor or discover other cellular pathways involved in Vitamin K biology.

5 Conclusions

Proteomics using chemical probes is an invaluable strategy to study the biology of
lipid messengers. AfBPP using photoaffinity probes provides insight into the target
interaction landscape of lipid messengers with previously unknown proteins, such
as transporters and receptors, while ABPP using activity-based probes identifies the
enzymes that control the metabolism of these important messengers in health and
disease. We believe that the combination of AfBPP and ABPP is a powerful
approach to obtain a global and detailed view of the biological processes mediated
by lipid signaling molecules. The chemical probes, however, do not cover many
lipid classes yet. A potential reason could be that most long-chain, polyunsaturated
lipids and their metabolites are challenging to synthesize and have an inherent
instability. Although chemists are still working on the total synthesis of these low
abundant biologically active lipids and their probes (Ogawa et al. 2017; Rodriguez
and Spur 2017), there is still a need for further elucidation of important cellular
processes performed by lipids, especially in the field of immunology. So we call on
chemists, biologists, and immunologists to combine their expertise to tackle these
topics and become chemical immunologists.

Supplementary

List of proteins identified as promiscuous lipid-binding proteins. The count shows
the amount of experiments in which the protein was identified as a probe target.
Proteins colored red are the proteins flagged by the CRAPome database.
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Accession Protein Count Accession Protein Count Accession Protein Count Accession Protein Count
Q96A33 CCD47_HUMAN 8 Q96LJ7 DHRS1_HUMAN 5 P11021 BIP_HUMAN 4 Q14108 SCRB2_HUMAN 4
P43307 SSRA_HUMAN 8 Q9Y394 DHRS7_HUMAN 5 Q9UBD9 CLCF1_HUMAN 4 Q9UGP8 SEC63_HUMAN 4
Q9BV23 ABHD6_HUMAN 7 Q9UBX3 DIC_HUMAN 5 Q6UW02 CP20A_HUMAN 4 Q15005 SPCS2_HUMAN 4
P51648 AL3A2_HUMAN 7 O75477 ERLN1_HUMAN 5 O15121 DEGS1_HUMAN 4 Q9NQZ5 STAR7_HUMAN 4
P51572 BAP31_HUMAN 7 O00461 GOLI4_HUMAN 5 Q96KC8 DNJC1_HUMAN 4 Q9UJZ1 STML2_HUMAN 4
Q16850 CP51A_HUMAN 7 Q92643 GPI8_HUMAN 5 Q8N766 EMC1_HUMAN 4 P46977 STT3A_HUMAN 4
P50402 EMD_HUMAN 7 Q3SXM5 HSDL1_HUMAN 5 P0DO92 ENOL_HUMAN 4 Q8TCJ2 STT3B_HUMAN 4
Q9NRY5 F1142_HUMAN 7 P07099 HYEP_HUMAN 5 P24390 ERD21_HUMAN 4 Q9UH99 SUN2_HUMAN 4
O75844 FACE1_HUMAN 7 Q06136 KDSR_HUMAN 5 Q14534 ERG1_HUMAN 4 Q9NZ01 TECR_HUMAN 4
Q96AG4 LRC59_HUMAN 7 Q86SY8 KTAS1_HUMAN 5 Q9BSJ8 ESYT1_HUMAN 4 Q8WUY1 THEM6_HUMAN 4
Q86UE4 LYRIC_HUMAN 7 O95202 LETM1_HUMAN 5 A0FGR8 ESYT2_HUMAN 4 O60830 TI17B_HUMAN 4
O00264 PGRC1_HUMAN 7 Q9NZJ7 MTCH1_HUMAN 5 Q96A26 F162A_HUMAN 4 Q9HC07 TM165_HUMAN 4
Q9Y512 SAM50_HUMAN 7 Q969V3 NCLN_HUMAN 5 Q8WVX9 FACR1_HUMAN 4 Q13445 TMED1_HUMAN 4
Q9UBV2 SE1L1_HUMAN 7 Q15738 NSDHL_HUMAN 5 P37268 FDFT_HUMAN 4 Q9Y3B3 TMED7_HUMAN 4
Q99623 PHB2_HUMAN 7 Q02818 NUCB1_HUMAN 5 Q9P035 HACD3_HUMAN 4 O96008 TOM40_HUMAN 4
P53365 ARFP2_HUMAN 6 Q9Y5Y5 PEX16_HUMAN 5 Q9NRV9 HEBP1_HUMAN 4 Q9H4I3 TRABD_HUMAN 4
Q9HD20 AT131_HUMAN 6 Q96S52 PIGS_HUMAN 5 P22830 HEMH_HUMAN 4 P53007 TXTP_HUMAN 4
Q96G23 CERS2_HUMAN 6 P50897 PPT1_HUMAN 5 O60725 ICMT_HUMAN 4 O95292 VAPB_HUMAN 4
Q9NZ45 CISD1_HUMAN 6 P61026 RAB10_HUMAN 5 Q8TCB0 IFI44_HUMAN 4 Q96GC9 VMP1_HUMAN 4
Q07065 CKAP4_HUMAN 6 P04844 RPN2_HUMAN 5 Q70UQ0 IKIP_HUMAN 4 Q93050 VPP1_HUMAN 4
O96005 CLPT1_HUMAN 6 O95197 RTN3_HUMAN 5 Q8N5M9 JAGN1_HUMAN 4 Q5BJH7 YIF1B_HUMAN 4
Q53GQ0 DHB12_HUMAN 6 Q9NQC3 RTN4_HUMAN 5 Q9BZL6 KPCD2_HUMAN 4 Q8TAD4 ZNT5_HUMAN 4
Q15392 DHC24_HUMAN 6 Q8NBX0 SCPDL_HUMAN 5 Q14739 LBR_HUMAN 4 P05141 ADT2_HUMAN 4
P40939 ECHA_HUMAN 6 Q8IWL2 SFTA1_HUMAN 5 Q02978 M2OM_HUMAN 4 P25705 ATPA_HUMAN 4
Q8TCT9 HM13_HUMAN 6 O95470 SGPL1_HUMAN 5 Q6P1A2 MBOA5_HUMAN 4 P06576 ATPB_HUMAN 4
P30519 HMOX2_HUMAN 6 O15260 SURF4_HUMAN 5 Q4ZIN3 MBRL_HUMAN 4 P14625 ENPL_HUMAN 4
P42166 LAP2A_HUMAN 6 O14925 TIM23_HUMAN 5 O43772 MCAT_HUMAN 4 P20700 LMNB1_HUMAN 4
Q9Y6C9 MTCH2_HUMAN 6 O43615 TIM44_HUMAN 5 Q9H2D1 MFTC_HUMAN 4 P07237 PDIA1_HUMAN 4
Q9Y6Q9 NCOA3_HUMAN 6 Q9NX00 TM160_HUMAN 5 Q16891 MIC60_HUMAN 4 P08670 VIME_HUMAN 4
Q9NX40 OCAD1_HUMAN 6 Q6NUQ4 TM214_HUMAN 5 Q10713 MPPA_HUMAN 4
Q9UHG3 PCYOX_HUMAN 6 Q15363 TMED2_HUMAN 5 Q9BTX1 NDC1_HUMAN 4
O15173 PGRC2_HUMAN 6 P49755 TMEDA_HUMAN 5 Q9Y639 NPTN_HUMAN 4
P35232 PHB_HUMAN 6 P57088 TMM33_HUMAN 5 P80303 NUCB2_HUMAN 4
P51571 SSRD_HUMAN 6 Q9BTV4 TMM43_HUMAN 5 Q8NFH5 NUP53_HUMAN 4
Q9Y4P3 TBL2_HUMAN 6 Q9H3N1 TMX1_HUMAN 5 O60313 OPA1_HUMAN 4
P21796 VDAC1_HUMAN 6 Q9Y320 TMX2_HUMAN 5 Q9H7Z7 PGES2_HUMAN 4
Q8N0U8 VKORL_HUMAN 6 Q9NS69 TOM22_HUMAN 5 Q9H490 PIGU_HUMAN 4
P16615 AT2A2_HUMAN 6 O14656 TOR1A_HUMAN 5 Q8TEM1 PO210_HUMAN 4
P27824 CALX_HUMAN 6 P45880 VDAC2_HUMAN 5 P18031 PTN1_HUMAN 4
P04843 RPN1_HUMAN 6 O95831 AIFM1_HUMAN 5 P62820 RAB1A_HUMAN 4
P28288 ABCD3_HUMAN 5 Q3ZCQ8 TIM50_HUMAN 5 Q9H0U4 RAB1B_HUMAN 4
Q9BRR6 ADPGK_HUMAN 5 Q9NRG9 AAAS_HUMAN 4 P62491 RB11A_HUMAN 4
P24539 AT5F1_HUMAN 5 Q8WTS1 ABHD5_HUMAN 4 Q8TC12 RDH11_HUMAN 4
Q8WY22 BRI3B_HUMAN 5 O95870 ABHGA_HUMAN 4 Q9NTJ5 SAC1_HUMAN 4
P07339 CATD_HUMAN 5 O95573 ACSL3_HUMAN 4 Q9NR31 SAR1A_HUMAN 4
O75746 CMC1_HUMAN 5 Q8NHH9 ATLA2_HUMAN 4 Q9Y6B6 SAR1B_HUMAN 4
P23786 CPT2_HUMAN 5 Q6DD88 ATLA3_HUMAN 4 P67812 SC11A_HUMAN 4
Q8WVC6 DCAKD_HUMAN 5 Q9UHQ4 BAP29_HUMAN 4 O43819 SCO2_HUMAN 4
Q9BUN8 DERL1_HUMAN 5 P35613 BASI_HUMAN 4 Q8WTV0 SCRB1_HUMAN 4
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Abstract Non-ribosomal peptide (NRP) natural products are one of the most
promising resources for drug discovery and development because of their
wide-ranging of therapeutic potential, and their behavior as virulence factors and
signaling molecules. The NRPs are biosynthesized independently of the ribosome
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by enzyme assembly lines known as the non-ribosomal peptide synthetase (NRPS)
machinery. Genetic, biochemical, and bioinformatics analyses have provided a
detailed understanding of the mechanism of NRPS catalysis. However, proteomic
techniques for natural product biosynthesis remain a developing field. New
strategies are needed to investigate the proteomes of diverse producer organisms
and directly analyze the endogenous NRPS machinery. Advanced platforms should
verify protein expression, protein folding, and activities and also enable the pro-
filing of the NRPS machinery in biological samples from wild-type, heterologous,
and engineered bacterial systems. Here, we focus on activity-based protein profiling
strategies that have been recently developed for studies aimed at visualizing and
monitoring the NRPS machinery and also for rapid labeling, identification, and
biochemical analysis of NRPS enzyme family members as required for proteomic
chemistry in natural product sciences.

1 Introduction

1.1 Structural Diversity of Non-ribosomal Peptide Natural
Products

Non-ribosomal peptide (NRP) natural products display a broad range of important
medicinal agents such as the antibiotic vancomycin, the anticancer bleomycin, and
the immunosuppressant cyclosporine, as well as virulence factors and signaling
molecules (Walsh 2004). These peptide-based natural products are synthesized by
enzyme assembly lines that are collectively known as the non-ribosomal peptide
synthetase (NRPS) machinery (Fischbach and Walsh 2006). NRPS biosynthetic
enzymes utilize a range of amino acid building blocks (to date, more than 500
different amino acids) to construct the structurally and biologically diverse NRP
natural products (Walsh et al. 2013).

1.2 Amino Acid Selection, Activation, and Incorporation
of the Non-ribosomal Peptide Machinery

In contrast to the extensive structural diversity of the NRP natural products, their
biosynthetic strategies are highly conserved. Typically, the NRPS machinery can be
categorized into linear-, iterative-, and nonlinear-type NRPS enzymes (Fig. 1a)
(Mootz et al. 2002). The majority of the NRPS machinery is linear, in which the
individual catalytic components are organized into modules that function in the
incorporation of cognate amino acid building blocks into the NRP natural products.
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The standard NRPS module comprises three catalytic domains: adenylation (A), a
peptidyl carrier protein (PCP, also known as the thiolation domain, T), and con-
densation (C) (Hur et al. 2012). The proteinogenic and non-proteinogenic amino
acid building blocks are selected and activated by the A-domains. Accordingly, the
A-domains of the NRPS machinery function as gatekeepers for the incorporation of
cognate amino acids into the NRP natural products. Genetics, bioinformatics, and
biochemical analyses have revealed the enzymology of the NRPS machinery. An
8–10 kDa PCP domain acts as a central cargo for amino acid substrates and the
growing peptide chains. To convert the inactive apo-PCP to active holo-PCP, PCP
domains must be posttranslationally modified with a 4′-phosphopantetheine (Ppant)
group. 4′-Phosphopantetheinyl transferase (PPTase) catalyzes the attachment of the
Ppant group to a conserved Ser of the PCP domain using coenzyme A (CoA) as a
substrate (Fig. 1b). In the first step, the A-domain catalyzes the formation of
aminoacyl adenylate (aminoacyl-AMP) using adenosine triphosphate (ATP) and
Mg2+ (Fig. 1c). In the second step of NRP biosynthesis, the adenylated amino acid
undergoes a nucleophilic attack of thiol functionality of the Ppant arm of a
downstream PCP domain, yielding an aminoacyl thioester tethered to the PCP
domain (aminoacyl-S-PCP) (Fig. 1c). Finally, a C-domain catalyzes the formation
of an amide linkage between two aminoacyl-S-PCP species in both upstream and
downstream modules (Fig. 1d). In addition to the A, PCP, and C-domains, tailoring
enzymes provide a variety of chemical modifications for the diversification of
NRPs. These chemical modifications are incorporated into the growing peptidyl
intermediates during NRP biosynthesis using the following tailoring enzyme
domains: epimerase (E; Stachelhaus and Walsh 2000; Samel et al. 2014; Chen et al.
2016), methyl transferase (MT; Hornbogen et al. 2007; Brieke et al. 2016),
cyclization (Cy; Marshall et al. 2001), oxidation (Ox; Schneider et al. 2003),
thioesterase (TE; Kohli et al. 2002; Hoyer et al. 2007), and reductase (R; Keating
et al. 2001). We refer the reader to recent review articles (Hur et al. 2012; Gulik
2016; Walsh 2016) for a detailed understanding of the NRPS machinery.

1.3 Engineering the Non-ribosomal Peptide Synthetase
Machinery

The utility and advantage of the NRPS machinery carry the potential for the pro-
duction of non-native peptide products with desired properties. The strict substrate
recognition properties of A-domains control the incorporation of the 20 proteino-
genic amino acids and the unusual non-proteinogenic amino acids into the final
products. The X-ray crystal structure of the Phe-activating domain of GrsA (domain
structure: A-PCP-E) involved in the gramicidin S biosynthesis was first reported in
a complex with AMP and L-Phe (Conti et al. 1997). Subsequent structural inves-
tigations of GrsA NRPS have greatly accelerated in silico and structure–function
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mutagenesis studies that have identified the core residues responsible for substrate
specificities of A-domains of the NRPS machinery (Stachelhaus et al. 1999; Challis
et al. 2000). On the basis of a profound structural and biochemical understanding of
A-domain enzymology, NRPS enzyme engineering has manipulated these NRPS
code residues to generate active-site chemistries with desired substrate specificities
(Evans et al. 2011; Thirlway et al. 2012; Zhang et al. 2013). The NRPS specificity
code enables us to predict the substrate specificities of uncharacterized A-domains
extracted from the primary sequence information (Röttig et al. 2011). The
straightforward biochemical logic of the A-domains has made them attractive tar-
gets for repurposing and/or engineering in the NRPS machinery to rationally pro-
duce non-native products. The NRPS biosynthetic machinery could provide
templates for biosynthetic systems that could be exploited to develop novel
bioactive peptides. Engineering on the NRPS biosynthetic level is not a versatile
strategy yet. Nonetheless, many peptide-based non-native products have been
designed and biosynthesized by precursor-directed biosynthesis (Moran et al.
2009), mutasynthesis (Thirlway et al. 2012), active-site manipulation of A-domains
(Kries et al. 2014), directed evolution of A-domains (Evans et al. 2011; Zhang et al.
2013; Niquille et al. 2018), swapping domains and modules (Calcott et al. 2014),
subdomain swapping (Kries et al. 2015), and de novo NRPSs (Bozhüyük et al.
2018). The search continues for novel strategies and assay platforms, preferably by
developing non-traditional methods that accelerate the redesign and optimization of
the NRPS machinery. NRPS manipulation is beyond the scope of this chapter, and
we refer the reader to recent review articles (Baltz 2014; Kries 2016; Winn et al.
2016).

1.4 Non-ribosomal Peptide Synthetases as a New Antibiotic
Strategy

Clinically, significant antibiotics faced the challenge of the development of
antibiotic-resistant strains. The development of antimicrobials with novel modes of
action has lagged behind the development of resistance. Therefore, new antibiotic
strategies are needed. Natural products frequently play essential roles in in vivo
bacterial processes involved in nutrient acquisition, quorum sensing, biofilm for-
mation, infection, and virulence. One promising approach for the development of
novel antibiotics is targeting bacterial nutrient acquisition processes (Clatworthy

JFig. 1 Non-ribosomal peptide synthetase (NRPS) machinery.a The NRPS assembly line of
gramicidin S biosynthesis. b Posttranscriptional phosphopantetheinylation catalyzed by 4′-
phosphopantetheinyl transferase (PPTase) enzymes. c Loading amino acids onto NRPS machinery.
d Amide bond formation is catalyzed by condensation (C) domains. Modules are comprised of
adenylation (A), peptidyl carrier protein (PCP), condensation (C), epimerase (E), and thioesterase
(TE) domains. CoA: Coenzyme A; 3′,5′-PAP: adenosine 3′,5′-diphosphate; AMP: adenosine
monophosphate

Activity-Based Protein Profiling of Non-ribosomal Peptide … 325



et al. 2007). Iron is an important cofactor required for all bacteria as well as
humans. Iron is a constituent of a number of enzymes that catalyze essential
chemical transformations in vivo for cell viability. The iron(III) observed in
aqueous and aerobic environments can be insoluble and inaccessible, which results
in the low concentration of free iron(III) ion available to pathogenic bacteria in the
human host. In response, bacteria have developed elaborate systems to acquire iron
from the host, involving heme acquisition, transferrin/lactoferrin receptors, and
siderophore mediation (Skaar 2010). A primary iron acquisition pathway involves
the use of small-molecule iron chelators known as siderophores. In the iron-limiting
conditions, pathogens biosynthesize, secrete, or steal iron from the host proteins,
and then take up the ferric-siderophore complexes into the bacteria, which are
required for cellular processes that are critical to the growth and virulence of
pathogens. Furthermore, siderophore biosynthetic machinery proteins have no
human homologues (Quadri 2007). The disruption of siderophore biosynthetic
pathways represents an attractive antimicrobial strategy for the development of
antibiotics that have novel modes of action (Cisar and Tan 2008; Lamb 2015).
A variety of siderophores are biosynthesized by the NRPS machinery in
gram-positive and gram-negative pathogens including mycobactins produced by
Mycobacterium tuberculosis (Mbt) (Quadri et al. 1998a), petrobactin produced by
Bacillus anthracis (Lee et al. 2007), pyochelin and pyoverdine produced by
Pseudomonas aeruginosa (Visca et al. 2007), yersiniabactin produced by Yersinia
pestis (Miller DA et al. 2002), vibriobactin produced by Viblio cholerae (Keating
et al. 2000), acinetobactin produced by Acinetobacter baumannii (Mihara et al.
2004), and enterobactin produced by Escherichia coli (Walsh et al. 1990). Methods
that allow the dynamic assessment of NRPS enzymatic activities in complex bio-
logical systems are required to accurately understand human bacterial pathogenesis.
Activity-based protein profiling (ABPP) strategies in natural product biosynthesis
will be important for studies aimed at visualizing, monitoring, and tracking NRPS
enzyme activities in vitro (proteomes) and in vivo as a viable drug target, and also
for studies aimed at understanding the transcriptional controls, expression patterns,
functional states of proteins, and infection processes in pathogenic microbiology.

1.5 Proteomics Strategies for Natural Product Biosynthesis

Despite the significant progress in genetic, biochemical, structural, bioinformatics
studies over the past three decades, the knowledge of natural product biosynthesis
at the proteomic level remains limited. Analogous to the studies of the human
proteome, proteomic analyses of natural product producing microorganisms have
provided useful insights into biological processes that cannot be addressed by
genetic manipulations (Reyes et al. 2010). Schley et al. (2006) have firstly
demonstrated a whole proteome approach based on liquid chromatography-tandem
mass spectrometry (LC-MS/MS) to elucidate the expression profiles of the NRPS
and polyketide synthase (PKS) machinery in proteomes from Myxococcus xanthus.
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This approach has identified many of the peptide fragments from the NRPS and
PKS machinery that are responsible for the biosynthesis of myxalamid,
DKxanthene, myxovirescin, and myxochromid. It is noteworthy that peptides from
six orphan NRPS and PKS gene clusters have been identified, with known natural
products, demonstrating the potential of proteomics in discovering natural products
and their biosynthetic pathways. However, further proteomic studies were ham-
pered by the low expression levels of NRPS and/or PKS biosynthetic machinery.
To overcome these obstacles, researchers have developed new proteomic
methodologies for the study of natural product biosynthesis. These techniques
include proteomic interrogation of secondary metabolism (PrISM) (Bumpus et al.
2009) and orthogonal active site identification system (OASIS) (Meier et al. 2009).
The PrISM strategy permits the accurate detection of peptides from the NRPS and/
or PKS machinery using a combination of size-based fractionation by SDS-PAGE
and the Ppant ejection assay by Fourier transform-ion cyclotron resonance
(FT-ICR) LC-MS/MS. FT-ICR MS methods have been applied in the in vitro
studies of NRPS and PKS machinery to directly observe 4′-Ppant bound substrates,
intermediates, and products (Bumpus and Kelleher 2008). Furthermore, tandem MS
methods are used to eject the Ppant functionality from the intact protein and peptide
forming two ejection ions, which results in the rapid assignment of the covalently
bound substrates, intermediates, and products and the presence of CP domains
(Dorrestein et al. 2006a, b; Meluzzi et al. 2008). This technique has been extended
to detect and identify NRPS and PKS machinery in proteomes. Accordingly, tryptic
digests of gel-fractionated high molecular weight proteins are analyzed by FT-ICR
LC-MS/MS. Combined with database searching, the PrISM method has enabled the
discovery of a new NRP and its biosynthetic gene cluster, which represents the first
example of an orphan NRPS pathway analysis by an MS-based approach.
The OASIS method utilizes chemical proteomic probes to label, enrich, and identify
the particular NRPS and/or PKS machinery in an activity-based manner in complex
proteomes. Briefly, natural product producer proteomes are tagged with
domain-specific probes. The tagged NRPS and/or PKS machinery are then enriched
using affinity purification methods. Samples of the enriched NRPS and/or PKS
machinery are evaluated by multidimensional protein identification technology
(MudPIT) MS analysis. The collection of multiple datasets using ABPP probes
allows selective identification of NRPS and/or PKS machinery, which contain
multiple active sites on a single protein. Finally, the cloned genes are identified by
reverse genetics. The concept of the OASIS method would be useful for the dis-
covery of expressed machinery proteins and genes and their small-molecule
products, and also for studies aimed at visualizing, tracking, and imaging biosyn-
thetic enzyme activities as required for proteomics in natural product science. We
refer the reader to a review article (Meier and Burkart 2010) for a detailed
understanding of the PrISM and OASIS methods.

Genome sequencing projects have demonstrated the wide distribution of NRPS
biosynthetic gene clusters in a broad range of organisms (Bode and Müller 2005).
In addition, recent advances in gene manipulation methodologies are making it
possible to characterize and manipulate the NRPS machinery via the heterologous
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expression systems of biosynthetic gene clusters in host organisms including
E. coli, Streptomyces strains, yeast, and Aspergillus strains (Zhang et al. 2008).
However, some pathways of the NRPS machinery can be resistant to conventional
assessments, because of large molecular weight (100–1600 kDa) and general
intractability of the producer bacteria to laboratory gene manipulation and protein
expression methodologies (Wakimoto et al. 2014). Moreover, the discovery, iso-
lation, and evaluation of NRPS biosynthetic gene clusters from the complex
ensembles of symbiont microorganisms have remained challenging because most
genetic approaches are optimized for pure and isolated strains (Paul et al. 2007).
Furthermore, natural product biosynthetic pathways responsible for siderophore
production in pathogens are an emerging antibiotic strategy. ABPP strategies
should provide highly complementary to genetic strategies, which will provide
insights into the activities, transcriptional regulation, posttranslational processes,
infection, and virulence and which will also accelerate the visualization, monitor-
ing, identification, and functional assessments of NRPS machinery in biological
samples.

2 Activity-Based Protein Profiling of Non-ribosomal
Peptide Synthetases

2.1 Benzophenone-Based Photo-affinity Labeling Probes
for Aryl Acid-Adenylating Enzymes

Before describing specific examples of benzophenone (BP)-based photo-affinity
probes and their biological applications, we briefly mention the general design
features for ABPP probes and chemical properties of the BP group. An ABPP probe
contains a reactive group, a spacer or binding group, and a reporter tag. Reactive
groups are categorized as two general classes: (i) electrophilic groups
(fluorophosphonate, epoxyketone, and vinyl sulfone) that capture conserved
active-site nucleophiles (Ser, Thr, and Cys) (Sanman and Bogyo 2014) and
(ii) photoreactive groups (BP, diazirine, and azide) that cross-link nearby residues
in enzyme active sites by ultraviolet (UV) light (Saario et al. 2012). Reporter tags
can be used for enzyme visualization and enrichment including fluorophores
(rhodamine), biotin, and clickable functionalities azide and alkyne [Huisgen′s
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) (Kolb and Sharpless
2003)]. We refer the reader to excellent review articles (Cravatt et al. 2008; Sanman
and Bogyo 2014) that explain the basic technology of ABPP.

Photoactivation of BPs enables the generation of a triplet diradical on the car-
bonyl and the insertion into proximal C–H bonds (Dormán et al. 2016). A major
advantage is that BPs are activated by UV light in the range of 350–360 nm, which
reduces the damage of biomacromolecules (Dormán et al. 2016). If the activated
BPs are not able to cross-link with proximal molecular species, the generated

328 F. Ishikawa et al.



diradical can relax back to the ground state to reproduce BP group (Dormán et al.
2016). In terms of advantage, the chemical property enables the high-efficient
cross-linking of targets of interest with increasing UV photolysis time. One dis-
advantage is that this property may lead to an increasing nonspecific cross-linking
in proteomic environments. Another disadvantage is that BP groups are bulkier than
the photoreactive groups of diazirine and azide, which may result in the disruption
of interactions between ligands (natural product, drug, and synthetic molecule) and
target biomacromolecules (DNA, RNA, and protein). Accordingly, a highly specific
ligand and its modification sites will be important for ABPP applications. To
convert reversible inhibitors to ABPP probes, a photoreactive BP group and
propargyl functionality can be embedded in pharmacophores, which allows the
covalent labeling of proximal molecular species following UV irradiation and the
installation of a variety of reporter tags for the characterization of molecular targets
by CuAAC, the most used “click” reaction.

Mbt can enable the biosynthesis of the mycobactin siderophore by the assembly
of a hybrid NRPS-PKS megasynthetase (Quadri et al. 1998a). The production of
mycobactins plays an essential role in cell viability and virulence of Mbt. Because
of this significant function in the human host, there is considerable interest in drug
development with novel modes of action (De Voss et al. 2000; Tim et al. 2003).
The MbtA aryl acid-adenylating enzyme catalyzes the adenylation reaction of
salicylic acid (Sal) substrate to form Sal-AMP in the active site, followed by the
loading of Sal onto the cognate aryl carrier protein (ArCP) domain of MbtB, which
is the initiating step in the construction of mycobactins. Various groups have
reported the development of an 5′-O-N-(salicyl)sulfamoyladenosine (Sal-AMS)
compound, which is a highly specific inhibitor of MbtA in vitro and in vivo, where
the highly reactive acylphosphate linkage is substituted by a non-hydrolyzable
acylsulfamate (Fig. 2a) (Ferreras et al. 2005; Miethke et al. 2006; Somu et al.
2006). While Sal-AMS displayed anti-tuberculosis activity in iron-deficient con-
ditions with a minimum inhibitory concentration (MIC) of 0.39 µM, it still
exhibited inhibitory activity in iron-rich conditions, with a MIC of 1.56 µM
(Ferreras et al. 2005). These results strongly suggest the presence of off-target
binding proteins. On the basis of medicinal chemistry, biochemical, and structural
studies of MbtA (Neres et al. 2008), another study described the development of a
BP-based photo-affinity labeling probe for aryl acid-adenylating enzymes to profile
the protein targets of Sal-AMS in proteomic context (Duckworth et al. 2012). A BP
group with a terminal alkyne functionality was incorporated into the C-2 position of
the adenosine ring of Sal-AMS to generate Sal-AMS-based activity-based probe
(ABP) (Fig. 2a). Sal-AMS ABP retained tight-binding properties toward the MbtA
enzyme in vitro (Ki

app = 0.94 nM) and in vivo in iron-deficient conditions
(MIC = 3–6 µM). After in vitro labeling experiments using recombinant MbtA,
ABPP experiments were conducted using mycobacterial cell extracts.M. smegmatis
proteomes were treated with Sal-AMS ABP in the absence or presence of Sal-AMS,
irradiated, and subjected to CuAAC with a biotin azide group. Biotin-tagged pro-
teins in proteomes were enriched using streptavidin beads, digested by trypsin, and
analyzed by LC-MS/MS. The presence of endogenous MbtA was evident. In the
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future, this ABPP strategy will elucidate the off targets of Sal-AMS, provide clues
to develop more selective inhibitors of the MbtA enzyme, and deepen the under-
standing of Mycobacterium virulence.
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2.2 Benzophenone-Based Photo-affinity Labeling Probes
for Adenylation Domains in Non-ribosomal Peptide
Synthetases

An ideal ABPP strategy for the NRPS machinery can selectively detect this enzyme
class in an activity-based manner. We chose A-domains from many catalytic
domains housed on NRPS enzyme family members. The A-domain is a gatekeeping
domain to incorporate an amino acid substrate into peptide-based natural products
and is located on each NRPS module. Therefore, the A-domains are a reasonable
target to design ABPP probes, develop ABPP strategies, and conduct functional
analysis of the NRPS machinery in wild-type, heterologous, and engineered sys-
tems. Using the strict substrate recognition properties of A-domains, we expected
that an ABPP strategy would accelerate the detection of NRPS activities in complex
biological systems, provide detailed analysis of the NRPS enzymology, and deepen
the understanding of NRPS-related biochemical pathways in vivo.

We initially demonstrated our ABPP strategy in natural product biosynthesis
using gramicidin S NRPSs (GrsA and GrsB synthetases) in the producer proteomes.
Gramicidin S is a macrocyclic non-ribosomal peptide antibiotic with the structure
cyclo (-D-Phe1-L-Pro2-L-Val3-L-Orn4-L-Leu5-)2. GrsA (module 1) is a single pro-
tein (127 kDa) containing the L-Phe-activating A-domain (APhe), PCP domain, and
E domain (Fig. 1A) and converts L-Phe into L-Phe-AMP intermediate
(Krätzschmar et al. 1989). In contrast, GrsB is a multifunctional mega-enzyme
(508 kDa) comprised of four NRPS modules: C-APro-PCP (module 2), C-AVal-PCP
(module 3), C-AOrn-PCP (module 4), and C-ALeu-PCP-TE (module 5) (Fig. 1a)
(Krätzschmar et al. 1989). Each NRPS module (2–5) is responsible for the incor-
poration of the amino acid substrates, L-Pro, L-Val, L-Orn, and L-Leu into the
gramicidin S, respectively (Fig. 1a).

The isolation, structure, and biological activities of the antibiotics ascamycin
(Isono et al. 1984) indicated a selective inhibitor of alanyl-tRNA synthetase (Ueda
et al. 1991). The aminoacylation reactions catalyzed by aminoacyl-tRNA syn-
thetases correspond identically to those of the A-domains of the NRPS machinery.
On the basis of ascamycin structure, an 5′-O-N-(aminoacyl)sulfamoyladenosine
(aminoacyl-AMS) inhibitor was designed and synthesized for the L-Phe-activating
A-domain excised from GrsA (Finking et al. 2003). L-Phe-AMS exhibited strong
binding to the cognate A-domain, with Ki values of 61 nM (Finking et al. 2003).

JFig. 2 Activity-based protein profiling (ABPP) of non-ribosomal peptide synthetases (NRPSs).
a Benzophenone (BP)-based ABPP probes for the adenylation (A) domains in NRPS machinery
(modifications of the C2 position of the adenosine ring and 2′-OH group of ribose sugar).
b Methods for gel-based ABPP of NRPS machineries. The rectangles display nonspecific proteins.
In gel-based ABPP, proteomes from producer organisms were treated with BP-based NRPS
photoprobes and exposed to UV light (365 nm) to conduct cross-linking. Probes were conjugated
rhodamine azide under Huisgen′s copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
conditions. Proteomes were analyzed by SDS-PAGE and in-gel fluorescence imaging
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A-domain-directed probes were designed based on the aminoacyl-AMS scaffold to
retain low nM inhibition properties. We and others have described the development
of aminoacyl-AMS with a pegylated biotin linker at the 2′-OH group of the ribose
sugar (Finking et al. 2003; Ishikawa and Kakeya 2014; Ishikawa et al. 2015a). The
modification at the 2′-OH position of the ribose sugar minimized the binding
affinity of the A-domains within the tested NRPS machinery (Finking et al. 2003;
Ishikawa and Kakeya 2014; Ishikawa et al. 2015a). On the basis of these results, we
attached a functionalized linker including a photoreactive BP and alkyne func-
tionality at this position. A-domain-directed ABPP probes possess three elements:
(i) an aminoacyl-AMS ligand that allows ligand-directed binding at the cognate
A-domain, (ii) a photoreactive BP that induces cross-linking to nearby molecular
species, and (iii) an alkyne functionality that facilitates CuAAC with reporter tags
for the rapid and sensitive visualization and affinity purification of labeled proteins
(Fig. 2a). The resulting A-domain-directed probe was termed
aminoacyl-AMS-BPyne.

Our biochemical studies revealed that BP-based NRPS photoprobes, L-Phe-,
L-Pro-, and L-Val-AMS-BPynes, retained tight-binding properties (Ki

app. = 1.43–
327 nM) toward the recombinant L-Phe-, L-Pro-, and L-Val-activating A-domains
(Konno et al. 2015; Ishikawa et al. 2015b). Using a suite of BP-based NRPS
photoprobes L-Phe-, L-Pro-, L-Val-, L-Orn, and L-Leu-AMS-BPynes, we demon-
strated the applicability of probes by applying them to the gramicidin S producers’
proteomes (Aneurinibacillus miglanus ATCC 9999 and DSM 5759). BP-based
NRPS photoprobes were capable of highly selective binding, cross-linking, and
labeling the cognate A-domains by ligand-directing targeting in native proteomic
environments, even if multiple A-domains were housed on a single megasynthetase
(Fig. 2b) (Konno et al. 2015; Ishikawa et al. 2015b). In sequenced producers, the
BP-based NRPS photoprobes were used to track the expression dynamics and to
optimize bacterial culture conditions (Ishikawa et al. 2015b). In non-sequenced
bacteria, this ABPP strategy for the NRPS machinery could facilitate the discovery
of peptide-based natural products and their biosynthetic pathways (genes and
proteins) using a combination of recent genome sequencing and metagenomics
techniques. Furthermore, we developed a highly sensitive detection technique for
multidomain NRPS machineries using a cocktail of BP-based NRPS photoprobes
(i.e., quadruple labeling of GrsB), affording a new analytical option for the
high-resolution detection and functional analysis of low-abundance active NRPS
machinery in proteomes, providing further the evidence of an unidentified inactive
form of GrsB synthetase in a non-producing strain A. migulanus DSM 2895
(Ishikawa et al. 2015c). The ABPP probes described here enable the selective
labeling, visualization, and identification of the NRPS machinery in native pro-
teomes from producer organisms. The ABPP platform affords the strategies to
discover, quantify, and analyze NRPS-related pathways that are limited to genetic
approaches, opening a wide variety of chemical biology studies in natural product
sciences.
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2.3 Functional Profiling of Adenylation Domains
in Complex Proteomes

Because of the multidomain structural property of the NRPS machinery and the
general intractability of methods that analyze A-domain functions in complex
proteomic samples, advanced strategies that can detect the enzymatic activities of
A-domains in NRPSs of proteomic samples from wild-type, heterologous, and
engineered systems are required. Indeed, all conventional methods to assess the
activities of the A-domains in NRPS machinery rely on pure recombinant enzyme
systems (Dorrestein et al. 2006a, b; Otten et al. 2007; McQuade et al. 2009; Phelan
et al. 2009; Wilson and Aldrich 2010). Simple, rapid, and reliable proteomic
platforms should facilitate the evaluation of enzymatic activities of A-domains in
the NRPS machinery on a proteome-wide scale. We and others have described
sulfamoyloxy-linked aminoacyl-AMP analogs that are capable of selectively
binding A-domains with substrate specificity that corresponds to a conjugated
amino acid (Finking et al. 2003; Ishikawa et al. 2015b; Konno et al. 2015).
Accordingly, the aminoacyl-AMP analogs discriminate the differential active-site
chemistries of the A-domains of the NRPS machinery. On the basis of these results,
we have recently described a functional profiling technique for the prediction of
A-domain functions in the NRPS machinery by the competitive ABPP mode
(Fig. 3) (Kasai et al. 2015). In this technique, a set of sulfamoyloxy-linked
aminoacyl-AMP analogs plays a key role in a direct readout of enzyme substrate
specificities and the active-site architectures of A-domains in the NRPS
machineries. To this end, we prepared sulfamoyloxy-linked aminoacyl-AMP ana-
logs with 19 proteinogenic amino acids (except for L-Cys) and L-Orn as ligands
(Kasai et al. 2015). For the proof-of-principle studies, we tested whether the
inhibitor sensitivity profiles of A-domains on the endogenous NRPS machinery
corresponded to enzyme substrate specificities using a recombinant NRPS module
(GrsA).

The BP-based NRPS photoprobe L-Phe-AMS-BPyne was incubated with A.
migulanus ATCC 9999 proteomes in the absence or presence of the 20
sulfamoyloxy-linked aminoacyl-AMP analogs. In-gel fluorescence scanning
showed that L-Phe-AMS, L-Leu-AMS, L-Met-AMS, L-Trp-AMS, and L-His-AMS
inhibited the A-domain of endogenous GrsA. To examine the correlation between
the IC50 values and substrate specificities, we determined the Michaelis constants
(Km values) of the corresponding amino acid substrates (L-Phe, L-Leu, L-Met, L-
Trp, and L-His). Dose–response competitive ABPP studies of the A-domain of
endogenous GrsA by L-Phe-AMS, L-Leu-AMS, L-Met-AMS, L-Trp-AMS, and L-
His-AMS provided IC50 values of 0.38 ± 0.14 µM, 23.0 ± 0.12 µM,
27.2 ± 0.22 µM, 9.9 ± 0.13 µM, and 126 ± 0.18 µM, respectively. The
Michaelis constants (Km) toward the amino acid substrates L-Phe, L-Leu, L-Met, L-
Trp, and L-His measured using recombinant GrsA were 0.0248 ± 0.0023 mM,
2.85 ± 0.57 mM, 18.5 ± 3.3 mM, 1.49 ± 0.19 mM, and 17.5 ± 3.0 mM,
respectively. In contrast, L-Thr-AMS and L-Lys-AMS did not show inhibition
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properties toward the A-domains of endogenous GrsA. Significantly, the Km value
of the A-domain of recombinant GrsA with the corresponding amino acid substrate
L-Thr was 246 mM, and L-Lys resulted in no detectable enzymatic activity. It is
noteworthy that the competitive ABPP assay can be used to directly gain substrate
candidates and image the active-site architectures of A-domains of endogenous
NRPS machinery in complex biological systems. Furthermore, we have demon-
strated the applicability of this competitive ABPP toward the four A-domains of
endogenous NRPS GrsB megasynthetase in the proteomes (Kasai et al. 2015).

The competitive ABPP mode offers several advantages over conventional
techniques. First, the analysis of A-domains in the NRPS machinery is conducted
directly in wild-type biological samples, alleviating the need for experimental steps
involving isolating, cloning, and sequencing genes and protein expression and
purification. Second, a set of BP-based photoprobes and sulfamoyloxy-linked
aminoacyl-AMP analogs specifically targets the A-domains with substrate speci-
ficity identical to an attached amino acid moiety even if multiple A-domains are
housed on multidomain NRPS machinery. Third, in-gel fluorescence scanning
provides experimental simplicity, rapidness, and robustness. The competitive ABPP
technique should greatly accelerate systematic enzymatic analysis of A-domains in
NRPS machinery using a combination of a large set of NRPS gene cluster infor-
mation and bioinformatics tools (Stachelhaus et al. 1999; Challis et al. 2000; Röttig
et al. 2011).

Fig. 3 Profiling of adenylation (A) domain functions of the non-ribosomal peptide synthetase
(NRPS) machinery by competitive activity-based protein profiling (ABPP). The substrate
candidates and active-site architectures of the A-domains of NRPS machinery can be imaged by
pre-incubation of a proteome with a set of sulfamoyloxy-linked aminoacyl-AMP analogs followed
by probe treatment. Enzyme substrate candidates are estimated by a reduction in probe labeling
intensities (dose–response competitive ABPP experiments). Modules are comprised of peptidyl
carrier protein (PCP), adenylation (A), and condensation (C) domains. The rectangles display
nonspecific proteins
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The competitive ABPP technique should be applied in cases where gene cloning
or the expression of the NRPS machinery is not successful, and also in producer
organisms that are difficult to use the conventional genetic technique. Furthermore,
the competitive ABPP strategy could be used to characterize orphan NRPS
machinery in native proteomes. It is important to note that functional analysis and
engineering of NRPS machinery have been performed using the heterologous
expression systems of yeast, fungus, Streptomyces strains, and Escherichia coli
(Zhang et al. 2008). Therefore, the competitive ABPP technique can be further used
as a powerful diagnostic tool to investigate substrate candidates and active-site
chemistries of the engineered A-domains in NRPSs. Using a combination of
non-proteinogenic amino acid sulfamoyl adenosines with functionalized amino
acids (i.e., propargyl-L-Gly and azide-L-Ala), the competitive ABPP technique
enables us to construct inhibitor sensitivity profiles toward non-proteinogenic amino
acids, which should greatly facilitate the discovery and generation of A-domains
with broad substrate specificities and incorporation of non-proteinogenic amino
acids into non-ribosomal peptide natural products.

3 Activity-Based Probes for Carrier Proteins
in Non-ribosomal Peptide Synthetases

Posttranslational protein modifications (PTMs) regulate protein function in most
eukaryotes and prokaryotes and have a key role in a wide range of cellular functions.
An in-depth understanding of protein modifications is important to elucidate the
in vivo activity of proteins. However, traditional profiling methods can be difficult to
permit a comprehensive understanding of biochemical processes at the cellular level
(Chuh et al. 2016). Phosphopantetheinylation, a PTM that is crucial in primary and
secondary metabolic pathways, is germane natural product biosynthesis (Mercer and
Burkart 2007). A carrier protein (CP), such as the acyl carrier protein (ACP) domain
in PKS and fatty acid synthase (FAS), the T-domain in NRPS, and ArCP found in
siderophore NRPS, must be posttranslationally installed with a Ppant cofactor. The
Ppant group from CoA is attached to a conserved Ser residue of inactive apo-CPs by
PPTase enzymes to form active holo-CPs (Beld et al. 2014). Bacteria possess the
AcpS-type and Sfp-type PPTases, based on amino acid sequences, primary struc-
tures, and their target synthases (Lambalot et al. 1996). The AcpS–PPTase acts on
type II FAS ACP (AcpP) (Lambalot and Walsh 1995). Surfactin PPTase (Sfp) is
generally responsible for installing Ppant on the CP domains of type I PKS and
NRPS machinery (Lambalot et al. 1996; Quadri et al. 1998b). The phosphopan-
tetheinylated CP domains are responsible for carrying substrates and intermediates
from the active site to active site in FAS, PKS, and the NRPS machinery to produce
primary and secondary metabolites (e.g., lipid A, lipoteichoic acid, and side-
rophores) that are required for bacteria to survive in environmental and infection
circumstances. Accordingly, the phosphopantetheinylation of CP domains is
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involved in bacterial cell viability and virulence and is also used in the biosynthesis
of many pharmaceuticals. The functional expression of these biosynthetic gene
clusters depends on complex regulation processes in vivo, involving transcription of
related genes to mRNAs, translation of mRNAs to proteins, and modifications of
proteins. Overexpression of PPTase genes in Actinomycetes awakes cryptic and
silenced biosynthetic pathways through the phosphopantetheinyl modification-level
regulation of CP domains (Zhang et al. 2017). Furthermore, blocking of the PPTase
(AcpS) in Streptomyces coelicolor improves actinorhodin production by switching
on the upregulation of Sfp (Foley et al. 2009). Taken together, these results
emphasize that an accurate assessment of the functional states of proteins in complex
proteomes and inside bacterial cells contributes to our understanding of phospho-
pantetheinylation dynamics in physiological and pathological processes, providing
an advance in microbiology.

3.1 Designing Activity-Based Probes for Peptidyl Carrier
Proteins

The A-domains in the NRPS machinery catalyze the adenylation reactions of
cognate amino acid substrates to form aminoacyl-AMP intermediates in the active
sites at the expense of ATP. The A-domains then interact with downstream PCP
domains and transfer the amino acid building blocks to the Ppant prosthetic group
of the PCP domains. Qiao and co-workers (2007) cleverly designed 5′-(vinylsul-
fonylamino)deoxyadenosine (AVSN), which covalently attaches to the terminal
thiol functionality of the Ppant group on the ArCP domain through the Michael
addition reaction. Briefly, the mechanism-based inactivators are non-covalently
binding A-domains that covalently trapping the Ppant cofactors of partner PCP
domains through highly specific protein–protein interactions. On the basis of these
results, we have incorporated an alkyne reporter tag into the scaffold, allowing the
PCP domain-tethered ABPs to be visualized and identified (Fig. 4a, b). We recently
described a set of photo-crosslinking ABPs for the study of A-domains coupled to
aminoacyl-AMS appended to a BP cross-linker and an alkyne tag at the 2′-OH
group of the adenosine skeleton. The incorporation of the clickable BP functionality
had no effect on the binding properties of a variety of A-domains within the NRPS
machinery tested (Ishikawa et al. 2015b; Konno et al. 2015). To this end, we
converted the AVSN scaffold to an ABP by installing an alkyne tag at the 2′-OH
group of the adenosine skeleton and L-Val as a ligand (L-Val-AVSN-yne) (Kasai
et al. 2016).

After demonstrating the selective labeling of cognate A-PCP motif in recom-
binant NRPS enzymes by L-Val-AVSN-yne, we investigated its use in proteomic
samples (Kasai et al. 2016). B. subtilis ATCC 21332 biosynthesizes a lipopeptide
antibiotic and biosurfactant surfactin (Arima et al. 1968). Three multifunctional
NRPS enzymes, SrfAA, SrfAB, and SrfAC, involve in the production of this
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Fig. 4 Activity-based protein profiling (ABPP) of carrier protein (CP) domains in the
non-ribosomal peptide synthetase (NRPS) machinery. a Structures of ABPP probes. b Chemical
proteomics for the analysis of native CP motifs in NRPS machinery. The Val-activating domain of
the NRPS machinery selectively binds L-Val-AVSN-yne by ligand (L-Val)-directed targeting,
which then facilitates the selective capture of the phosphopantetheine (Ppant) group of a cognate
CP through the Michael addition reaction to the vinylsulfonamide reactive group. The tagged
lysate treated with rhodamine azide under Huisgen′s copper(I)-catalyzed azide-alkyne cycload-
dition (CuAAC) conditions and separated by SDS-PAGE. NRPS modules are comprised of
peptidyl carrier protein (PCP), adenylation (A), and condensation (C) domains. The rectangles
display nonspecific proteins. (c) Fluorescence detection of protein–protein interactions between
adenylation (A) and aryl carrier protein (ArCP) domains in NRPS machinery. EntE A-domain
recognizes DHB-AVSN-yne as a substrate analog and is capable of transferring it to the Ppant arm
of the ArCP domain of EntB to form a covalent bond. The selective protein–protein interactions of
EntE-EntB (ArCP) pair were visualized by CuAAC using rhodamine azide

Activity-Based Protein Profiling of Non-ribosomal Peptide … 337



lipopeptide. SrfAA and SrfAB are large multidomain synthetases with calculated
molecular weights of 402 and 401 kDa, respectively (Cosmina et al. 1993). SrfAA
and SrfAB consist of three NRPS modules, C1-A1 (L-Glu)-PCP1-C2-A2 (L-Leu)-
PCP2-C3-A3 (L-Leu)-PCP3-E3 and C4-A4 (L-Val)-PCP4-C5-A5 (L-Asp)-PCP5-C6-
A6 (L-Leu)-PCP6-E6. Each A-domain activates amino acid substrates (their cognate
substrates are shown in parentheses) to construct the lipopeptide scaffold. In con-
trast, SrfAC is a single-module NRPS containing the domain structure C7-A7 (L-
Leu)-PCP7-TE7 and is responsible for the incorporation of L-Leu during the sur-
factin biosynthesis. Accordingly, surfactin synthetases (SrfAA, SrfAB, and SrfAC)
possess seven PCP domains of the 24 catalytic components, which are modified
with the Ppant cofactor. Selective labeling of one of the seven PCP domains (e.g.,
PCP4 domain) is therefore extremely difficult. The ligand amino acid moiety pro-
vides absolute specificity to an ABP by binding the Val-activating A-domain (A4-
domain) as the substrate surrogate (Fig. 4b). B. subtilis ATCC 21332 lysate was
treated with L-Val-AVSN-yne and subsequently incubated with Rh-azide under the
CuAAC conditions. We observed the selective labeling of SrfAB synthetase, which
was the only fluorescent protein in the cellular lysate. Furthermore, the fluorescence
labeling by L-Val-AVSN-yne was abrogated in the presence of L-Val-AMS, which
is a tight-binding, reversible inhibitor of the Val-activating A-domain (Ishikawa
et al. 2015b). These results indicate that the ligand L-Val of the probe is directed to
the active site of Val-activating domain (A4-domain) of SrfAB synthetase and then
drives the Michael addition reaction with the thiol of the Ppant cofactor on the PCP4
domain through the mechanism-based enzymatic reaction. This labeling strategy
should accelerate the understanding of activity, transcriptional regulation, and
modification processes of NRPS machinery and provide avenues for studies of the
phosphopantetheinylation dynamics important for both primary and secondary
metabolic pathways.

3.2 A Chemoproteomics Platform for Phosphopantetheine
Transferase Activity

Significant antibiotic resistance has emerged toward virtually all clinically relevant
antibiotics, which is a growing global health problem. We now are in a race to
discover and develop new classes of antibiotics to combat the growing emergence
of antibiotic-resistant strains. The discovery and development of new antimicrobials
with distinct mechanisms of action are urgently required. New strategies and targets
have been revealed by the effort over the last two decades by investigation of how
bacteria cause infection, host damage, and disease.

Many natural products frequently function as virulence factors for infection
(Clatworthy et al. 2007). They are not essential for bacterial viability but are
required to cause host damage and disease. PPTase enzymes catalyze the attach-
ment of a 4′-phosphopantetheinyl moiety of CoA to a conserved Ser residue of CP
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domains in FAS, PKS, and NRPS biosynthetic enzymes, which convert the inactive
apo-CP to the active holo-CP (Beld et al. 2014). Therefore, PPTase enzymes
represent promising new antibiotic targets because their inhibition should antago-
nize the production of primary and secondary metabolites involving virulence
factors essential to many pathogenic bacteria. A majority of bacteria contain two
structurally distinct PPTase enzymes, AcpS (acyl carrier protein synthase) in E. coli
and Sfp from B. subtilis. Mbt has the Sfp-type PPTase PptT, which modifies various
type I PKS enzymes for the production of mycolic acids and lipid virulence factors
(Quadri et al. 1998a). PptT activated NRPS biosynthetic enzymes, MbtB and MbtE
in vitro biochemical experiments (Quadri et al. 1998a). MbtB and MbtE enzymes
are involved in the biosynthesis of the siderophore mycobactin that functions as an
Mbt virulence factor. PptT plays a central role in the production of secondary
metabolites that are essential for in vivo viability (Chalut et al. 2006). Thus, small
molecules that inhibit PptT represent a promising new class of antibiotics.

A high-throughput screening campaign was done to search for small-molecule
inhibitors toward Sfp-PPTase (Foley et al. 2014). The authors discovered 2-pyridinyl-
N-(4-aryl)-piperazine-1-carbothioamides and subsequently conducted structure–activ-
ity relationship study, which resulted in the development of 4-(3-chloro-5-(tri-
fluoromethyl)pyridine-2-yl)-N-(4-methoxypyridin-2-yl)piperidine-1-carbothioamide
(ML267). Biological activity studies indicated that ML267 possesses dual activity
toward the bacterial Sfp-PPTase and AcpS-PPTase, displaying IC50 values of 290 nM
and 8.1 µM, respectively (Foley et al. 2014). Furthermore, no cross-reactivity was
observed toward the human ortholog (Foley et al. 2014). Moreover, ML267 has been
shown to reduce the productionof a Sfp-PPTase-dependent surfactin and the viability of
bacterial cells when B. subtilisOKB105 was treated with this small-molecule inhibitor.
However, whileML267 has displayed the potential activity in vivo, very little is known
about the changes in protein expression, activity, and PTMs in living bacterial cells.

We established a chemoproteomics platform to explore the PPTase activity at the
cellular level and applied it to gain a deeper understanding of the in vivo activity of
ML267 (Konno et al. 2017). Using the ABPP probe L-Val-AVSN-yne, we have
demonstrated the mechanism-based labeling of the PCP4 domain of SrfAB syn-
thetase in proteomes (Kasai et al. 2016). Furthermore, we have demonstrated that
the active-site-directed proteomic probe L-Leu-AMS-BPyne allows selective
labeling of the Leu-activating domains of NRPSs in proteomic samples (Ishikawa
et al. 2015b). In order to investigate the phosphopantetheinylated PCP4 domain of
SrfAB synthetase, proteomes from cultures in the absence and presence of ML267
were incubated with L-Val-AVSN-yne. To track the expression and activities of
surfactin synthetases (SrfAA, SrfAB, and SrfAC), lysates were treated with ML267
or dimethylsulfoxide (DMSO) was treated with L-Leu-AMS-BPyne. After in-gel
fluorescence imaging, the signals of SrfAB labeled by L-Val-AVSN-yne were
quantified and expressed relative to SrfAB intensities labeled by L-
Leu-AMS-BPyne.

When surfactin production was periodically measured, the production levels of
surfactin by B. subtilis ATCC 21332 were attenuated in the presence of ML267.
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NRPS activity-profiling experiments of the proteomes using L-Leu-AMS-BPyne
provided the different patterns of enzyme activities of SrfAA, SrfAB, and SrfAC
synthetases treated with ML267, relative to the lysates treated with DMSO.
Furthermore, assessment of the functional states of PCP domains of NRPSs in the
proteomes using L-Val-AVSN-yne revealed a labeled endogenous SrfAB syn-
thetase using the proteome from DMSO treatment, whereas the labeling of pro-
teomic samples from cultures in the presence of ML267 was a weak fluorescent
signal. Quantification analysis of phosphopantetheinylated SrfAB (PCP4 domain)
bands showed a 45% reduction by the addition of ML267 relative to the DMSO
control culture, validating a lack of phosphopantetheinyl modifications
(down-regulation of the Sfp-PPTase activity) and the inhibitory activity of ML267
in vivo, for which no previous survey to changes in enzyme expression and activity
in bacterial cells has been demonstrated.

3.3 Visualizing the Protein–Protein Interactions of Aryl
Acid-Adenylating Enzymes

Biochemical, structural, and activity investigations have revealed the dynamic,
transient, and specific roles of ACP domains in FASs and PKSs (Parris et al. 2000;
Płoskoń et al. 2010; Whicher et al. 2014; Ishikawa et al. 2016). The ACP domains
found in FASs and PKSs are highly flexible proteins that must specifically interact
with all enzyme domains responsible for loading carbon units, condensing these
units, decorating the condensation products, and releasing the final product (Crosby
and Crump 2012). Each step requires highly specific protein–protein interactions to
channel the biosynthetic intermediates to the partner enzymes. However, the tran-
sient ACP–partner enzyme interactions impose major obstacles to the study of ACP
activity and protein–protein interactions at a molecular level (Jenni et al. 2006;
Maier et al. 2006). To solve these problems, several chemistry-based techniques
have been developed over the last decade. A set of synthetic probes was developed
to investigate ACP activity and trap transient protein–protein interactions with
ketosynthase (KS), thioesterase (TE), and dehydratase (DH) in FAS and PKS
biosynthetic machineries, including b-chloroacryl amide, a-bromopalmitic amide,
and sulfonyl 3-alkyne amide-based pantetheine analogs, respectively (Worthington
et al. 2006; Blatti et al. 2012; Ishikawa et al. 2013) (Fig. 5). These chemical probes
enable the irreversible capture of the active-site residues of partner enzymes in an
activity-based manner, resulting in the covalent cross-linking of protein partners in
functional states. A pantetheineamide probe containing a tight-binding reversible
inhibitor triclosan was used to study the interface between AcpP (ACP) and FabI
(enoyl reductase, ER) in the E. coli FAS (Tallorin et al. 2016). Using a coupled
chemoenzymatic protocol described previously (Worthington and Burkart 2006),
Naguyen et al. (2014) described the active-site covalent cross-linking of AcpP to
FabA (DH) in the E. coli FAS and reported the crystal structure of the cross-linked

340 F. Ishikawa et al.



AcpP-FabA complex, representing the first snapshots of ACP interactions
(Naguyen et al. 2014). An in vitro cross-linking strategy was used to improve ACP
compatibility with non-cognate product template (PT) domains in PKS enzymes
(Barajas et al. 2016).

Liu and Bruner (2007) have synthesized a-chloroacetyl-amino-CoA to cova-
lently capture a catalytic Ser residue in the active site of TE domain, which enabled
to gain snapshots of PCP-TE didomain protein from enterobactin synthetase (EntF)
in a functional state. Qiao et al. (2007) developed a suite of mechanism-based
probes that embedded a vinylsulfonamide Michael acceptor functionality. The
mechanism-based probes are recognized by adenylating enzymes as substrate
surrogates and shuttled to CPs through the highly specific protein–protein inter-
actions. The substrate recognition characteristics of the adenylating enzymes allow
mechanism-based trapping of the thiol group of the Ppant prosthetic group on CPs.
Other studies explored the biochemical and structural challenges of the functional
interactions of PCP and ArCP domains with A-domains and aryl acid-adenylating
enzymes, which provided views of A-PCP and A-ArCP interactions in the NRPS
machinery (Mitchell et al. 2012; Sundlov et al. 2012). Accordingly, these studies
revealed structural properties that are important for CP-mediated protein–protein
interactions and provided a guideline for engineering efforts. As well as PKS and
FAS biosynthetic machinery, the structural basis for catalysis with NRPS
machinery will accelerate engineering to generate non-native products. Therefore,
the development of rapid and simple assay systems to study protein–protein
interactions should enable us to evaluate key surface-interacting residues and also to
improve CP compatibility with non-cognate partner complexes.

Type II NRPS enzymes function in concert with FASs, PKSs, and type I NRPSs
to generating peptide-based natural products. Whether incorporated into large

Fig. 5 Synthetic probes for trapping protein–protein interactions between acyl carrier protein
(ACP) and ketosynthase (KS)/thioesterase (TE)/dehydratase (DH) domains in fatty acid and
polyketide synthases
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multifunctional enzymes (type I system) or in discrete enzymes functioning inde-
pendently (type II system), CP domains must interact with partner enzymes. The
activities of PCPs/ArCPs and A-domains in all NRPS-related pathways are par-
ticularly important for the incorporation of amino acid and aryl acid substrates into
NRPS machinery. Aryl acids represented by Sal, 2′,3′-dihydroxybenzoic acid
(DHB), 2-aminobenzoic acid, 3-hydroxypicolinic acid, and 5-methyl orsellinic acid
(5-MOA) are an important class of building blocks in non-ribosomal peptide
products (Ames and Walsh 2010; Huang et al. 2011; Wang et al. 2014). Aryl acid
building blocks involving Sal and DHB are most commonly observed in side-
rophore molecules (Barry and Challis 2009). Enterobactin is a cyclic catecholic
siderophore biosynthesized by E. coli. The biosynthetic machinery is comprised of
six enzymes encoded by the entABCDEF genes (Walsh et al. 1990). The NRPS
gene products EntB, EntE, and EntF achieve the biosynthesis of enterobactin
(Gehring et al. 1998). EntB and EntE are type II NRPS enzymes that act as an ArCP
and aryl acid-adenylating enzyme, respectively. The EntB protein is a bifunctional
enzyme consisting of a C-terminal ArCP domain and an N-terminal isochorismate
lyase (ICL) (Gehring et al. 1998). The EntE-adenylating enzyme catalyzes the
formation of DHB-AMP intermediate. The adenylated DHB substrate, in turn,
undergoes a nucleophilic attack by the thiol group of the Ppant prosthetic group of
the ArCP domain of EntB (Rusnak et al. 1989; Gehring et al. 1998). The type I
NRPS enzyme EntF consists of four catalytic domains C-A-PCP-TE and is
responsible for the activation, loading, and incorporation of serine, forming the
three amide and three ester bonds during the biosynthesis of iron-chelating side-
rophore enterobactin. Finally, the terminal TE domain of EntF catalyzes the
hydrolysis of three molecules of DHB-Ser by intermolecular cyclization. EntE, the
ArCP domain of EntB, and the C-domain of EntF must therefore interact with each
other through intramolecular protein–protein interactions during the enterobactin
biosynthesis. Significantly, understanding the interaction surfaces of the ArCP and
A-domain at molecular levels may enable us to fine-tune the recognition speci-
ficities for use in the combinatorial biosynthesis of aryl acid-containing
non-ribosomal peptides. Herein, we have developed a new gel-based fluorescence
method coupled with ABPs to visualize and access the adenylation activities and
functional protein–protein interactions of aryl acid-adenylating enzymes (Fig. 4c)
(Ishikawa et al. 2017).

A clickable mechanism-based probe, L-Val adenosine vinylsulfoneamide alkyne
(L-Val-AVSN-yne), has been used to selectively visualize posttranslationally
modified PCP domains in NRPSs in native proteomic samples described above
(Kasai et al. 2016). The strict substrate recognition properties of A-domains enable
covalent capture of the terminal thiol of a Ppant functionality through a
mechanism-based Michael addition. On the basis of these results, we incorporated
DHB and Sal components into the AVSN-yne scaffold to construct an in-gel
fluorescence assay system and further visualize adenylation activities and protein–
protein interactions by using the type II ArCP (EntB) and aryl acid-adenylating
enzymes (wild-type EntE and modified EntE) (Figs. 4a, c). Briefly, ABPs (DHB-
and Sal-AVSN-yne) were incubated with apo- and holo-ArCP domain of EntB in the
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absence or presence of EntE. These samples were then treated with Rh-azide under
CuAAC conditions and were simply analyzed by in-gel fluorescence scanning. The
EntE-adenylating enzyme recognized DHB-AVSN-yne as a substrate surrogate and
could shuttle it to the ArCP domain of EntB, which resulted in trapping the Ppant
functionality of ArCP domain. The transient and dynamic recognition processes
could be visualized by the fluorescent labeling of the ArCP protein. Notably, the
DHB-AVSN-yne did not show any reactivity toward the inactive apo-form.
Furthermore, the labeling of holo-ArCP domain of EntB in the absence of EntE
showed markedly low levels of fluorescence signals. Also, Sal-AVSN-yne was not
capable of binding the active site of EntE as a substrate, which is in agreement with
the substrate specificity of EntE enzyme (Ishikawa et al. 2015a). Accordingly, the
EntE-adenylating enzyme was able to accept DHB-AVSN-yne as a specific substrate
and transport it to the downstream ArCP domain of EntB through a highly specific
protein–protein interaction. Non-ribosomal pathways rely on the fidelity of protein–
protein interactions with cognate A-PCP pairs to incorporate amino acid and aryl
acid building blocks into peptide products (Jaremko et al. 2017). This assay system
should be immediately useful for identifying key interacting regions and residues
manipulating protein–protein interactions between non-native pairs toward the
combinatorial biosynthesis of new NRP products.

4 Concluding Remarks

The NRPS machinery plays a key role in the production of many pharmaceuticals,
as well as virulence factors. Because of the large molecular weight with a range
between 100 and 1600 kDa, the routine cloning and heterologous expression of
whole NRPS genes remain challenging. Advanced strategies that access endoge-
nous NRPS machinery in complex biological systems provide highly comple-
mentary genetic approaches and accelerate enzymology and chemical biology
studies. In addition, the natural product biosynthetic machinery involving virulence
factors represents an attractive antimicrobial target for the development of novel
antibiotics. It is noteworthy that the assessment of these activity changes in
infection processes and in in vivo biochemical pathways they affect has lagged
behind because of the incomplete understanding of the proteomic levels. New
methods to not only rapidly verify the activity parameters, functional prediction,
and assessment, but also facilitate the detection, validation, and imaging of NRPS
machinery in complex biological systems are needed. Moreover, the understanding
of protein–protein interactions between PCP and ArCP domains and partner
enzymes at molecular levels is prerequisite for the successful engineering of NRPS
machinery. Accordingly, simple and rapid assay systems are required to investigate
CP-mediated protein–protein interactions. Our ongoing studies toward the appli-
cation of ABPP strategies provide new insights into NRPS enzymology, in-depth
understanding of NRPS-related biochemical pathways in vivo, and validating and
imaging of NRPS activities within the native producer bacteria.
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Abstract There are countless natural products that have been isolated from
microbes, plants, and other living organisms that have been shown to possess
therapeutic activities such as antimicrobial, anticancer, or anti-inflammatory effects.
However, developing these bioactive natural products into drugs has remained
challenging in part because of their difficulty in isolation, synthesis, mechanistic
understanding, and off-target effects. Among the large pool of bioactive natural
products lies classes of compounds that contain potential reactive electrophilic
centers that can covalently react with nucleophilic amino acid hotspots on proteins
and other biological molecules to modulate their biological action. Covalently
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acting natural products are more amenable to rapid target identification and map-
ping of specific druggable hotspots within proteins using activity-based protein
profiling (ABPP)-based chemoproteomic strategies. In addition, the granular bio-
chemical insights afforded by knowing specific sites of protein modifications of
covalently acting natural products enable the pharmacological interrogation of these
sites with more synthetically tractable covalently acting small molecules whose
structures are more easily tuned. Both discovering binding pockets and targets hit
by natural products and exploiting druggable modalities targeted by natural prod-
ucts with simpler molecules may overcome some of the challenges faced with
translating natural products into drugs.

1 Introduction

Natural products from microbes, plants, and other living organisms are a rich source
of medicinal compounds that have been utilized by humankind for thousands of
years. Their further characterization and exploitation of important biological
pathways have led to many different types of modern medicines to treat pathologies
such as bacterial and fungal infections, inflammation, diabetes, neurodegenerative
diseases, and cancer (Koehn and Carter 2005; Kingston 2011; Harvey et al. 2015;
Laraia et al. 2018). Between 25 and 50% of marketed drugs are thought to be
derived from natural products, and while such compounds populate many thera-
peutic areas, they have been particularly important to the areas of oncology and
infectious diseases (Kingston 2011). However, while many natural products have
shown therapeutic potential, developing natural products into drugs has remained
challenging and most US pharmaceutical companies have reduced or eliminated
their natural product groups. This is in part due to the difficulty of synthesis and
execution of global structure–activity relationship (SAR) studies, challenges in
large-scale isolation, slower discovery, and development compared to target-based
high-throughput screening campaigns involving simpler, often “flat” molecules,
hurdles in understanding mode of action or direct targets, and complex polyphar-
macology (Beutler 2009; Romo and Liu 2016). Despite these challenges, natural
products have not only yielded classical active-site inhibitors against druggable
targets, but have also been able to uniquely access druggable modalities that would
be considered undruggable or difficult to tackle with traditional drug discovery
efforts. These include, for example, FK506 or tacrolimus, which reduces pep-
tidylprolyl isomerase activity by binding to FKBP12, creating a new complex
FKBP12–FK506 complex, leading to the interaction with and inhibition of cal-
cineurin resulting in inhibition of T cell signaling (Liu et al. 1991). Another
example comes from rapamycin or sirolimus, which also binds to FKBP12 to form
a FKBP12–rapamycin complex which then interacts with and inhibits mTORC1
signaling (Saxton and Sabatini 2017). Even in the twenty-first century, these
molecular functions are difficult to “design” from first principles. Thus, target
identification of natural products remains a critically important endeavor not just for
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translational development of natural products into drugs, but also to gain insight
into new modalities that can be targeted for drug discovery and to gain insight into
natural strategies for target engagement. Upon identifying particular binding
pockets within proteins targeted by natural products, synthetically simpler libraries
of small molecules can potentially be developed against these sites to overcome the
synthetic and isolation challenges faced with natural products. In this review, we
will highlight activity-based protein profiling (ABPP) chemoproteomic strategies
for mapping targets of covalently acting natural products and covalent ligand dis-
covery approaches that can be utilized to potentially develop more synthetically
tractable compounds that mimic the actions of the more complex natural products.
We will also discuss diverse examples of electrophilic natural product scaffolds and
their targets.

2 Covalently Acting Natural Products

Hundreds of natural products have been shown, or proposed, to engage a wide array
of biological targets in covalent bond formation including proteins, nucleic acids,
and even small biological molecules themselves. Equally diverse are the chemical
structures of the “reactive warhead” embedded into the parent natural product
scaffold–motifs which in some cases would often be difficult to design from first
principles (Potashman and Duggan 2009; Baillie 2016; Lagoutte et al. 2017), yet
are continually influencing modern covalent drug design (Lagoutte and Winssinger
2017). Several excellent reviews have been written on covalently acting natural
products, particularly with respect to their protein targeting abilities (Drahl et al.
2005; Leslie and Hergenrother 2008; Gersch et al. 2012; Wright and Sieber 2016;
Pan et al. 2016; Jackson et al. 2017). Here, we briefly highlight various classes of
electrophilic species presented by natural products that have been implicated in
their mechanism of action.

2.1 Strained Ring-Containing Electrophiles

Nature extensively exploits ring strain in the creation of covalent warheads.
Reactive carbonyl groups embedded in strained rings, as typified by the b-lactam
and b-lactone functional group, are some of the oldest known and most intensely
studied covalent pharmacophores found in natural products (Fig. 1a) (Böttcher and
Sieber 2012). Indeed, the b-lactam antibiotics, typified by penicillin V (1), are
perhaps the greatest success story in the use of covalently acting natural products to
treat human disease. Their primary target (an active-site serine of bacterial
transpeptidases) and other modes of action are discussed in Sect. 3. In the past three
decades, b-lactones have garnished significant attention due to their protein tar-
geting ability (Böttcher and Sieber 2012). Naturally occurring lipstatin (2) inspired
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the antiobesity drug and lipase inhibitor orlistat (Bialecka-Florjanczyk et al. 2018).
Omuralide (3) and salinosporamide A (4) are both potent cytotoxic agents which
covalently modify an active-site threonine of the 20S proteasome subunit (Gulder
and Moore 2010). This family of natural products is involved in various clinical
trials for the treatment of myriad cancers (Potts et al. 2011). Despite the target
specificity for 1–4, proteomic profiling studies of spongiolactone (5) revealed a
complex portrait of targets and thus likely polypharmacological effects dictating its
antiproliferative effects (Wright et al. 2017).

The epoxide functional group is another major class of reactive electrophile
frequently exploited by natural products (Fig. 1b). The intrinsic affinity of the
parent molecule to the target, prior to covalent engagement, is a common theme for
promoting reactivity of otherwise unreactive substrates (Swinney 2009; Bauer
2015; Strelow 2017). Thus, many complex epoxide-containing molecules studied
are not promiscuous, and in the case of multiple epoxidized molecules, only a
single epoxide often reacts as discussed below. The bacterial-derived natural pro-
duct epoxomicin (6) is a potent covalent proteasome inhibitor whose understanding
of mechanism of action led to the discovery of the anticancer drug carfilzomib (Kim
and Crews 2013). Fumagillin (7) targets the methionine aminopeptidase MetAP-2
wherein only the spiroepoxide is essential. Target identification for both 6 and 7 is
discussed in Sect. 3. The diterpene triepoxide triptolide (8) has long been used in
traditional Chinese medicine to treat a host of diseases including inflammation and
cancer, and derivatives of 8 have entered clinical trials for the treatment of cancer.
Triptolide induces apoptosis and cell growth arrest and is a potent inhibitor of
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NF-jB- and NF-AT-mediated transcription (Meng et al. 2014). Many additional
targets of 8 (both covalent and non-covalent) have been proposed (Leuenroth and
Crews 2005). Triptolide covalently modifies a reactive cysteine on the XPB subunit
of the transcription factor TFIIH (Titov et al. 2011). Notably, the covalent locus of
reactivity is believed to be the 12, 13-epoxide (He et al. 2015).

Cyclopropanes adjacent to electron-deficient p-systems (i.e., homo-Michael
acceptors) have been frequently implicated in the alkylation of biological nucle-
ophiles, particularly DNA bases (Fig. 1c). Not surprisingly, many natural products
containing such motifs are potent cytotoxins including both acylfulvene (9) and
duocarmycin SA (10), derivatives of which are being investigated for the treatment
of cancer (Tanasova and Sturla 2012). DNA alkylation by 9 impairs transcription
by RNA Pol II (Malvezzi et al. 2017), while 10 is a highly sequence-selective
covalent alkylator of adenine-N3 in AT-rich sequences (Boger et al. 1994). The
human gut microbe-derived family of colibactins, as typified by precolibactin A
(10), alkylate and cross-link DNA and have been implicated in human colorectal
cancers (Vizcaino and Crawford 2015).

2.2 Unsaturated Ketones, Esters, and Amides

By far, the largest class of covalently acting natural product is those susceptible to
hetero-Michael addition reactions–often by the nucleophilic amino acid side chains
of proteins (Fig. 2) (Jackson et al. 2017). These addition reactions can be both
reversible and irreversible. Notably, hetero-Michael acceptors are prevalent across
much of natural product space (peptides, alkaloids, polyketides, and terpenes) and
serve as the basis for much of modern covalent drug design (De Cesco et al. 2017).
Nature employs both a,b-unsaturated amides (see 12), esters (see 13), and ketones
(see 14) to achieve covalent target modification (Fig. 2a). Particularly important
from a natural product’s perspective is the large class of exocyclic methylene
lactones of which over 5000 members are believed to exist (see 15–18, Fig. 2b)
(Kitson et al. 2009). Many of these compounds are reactive to thiols, both cysteine
side chains and the pool of free intracellular thiols. The anti-inflammatory and
anticancer sesquiterpene parthenolide (15) has been used for proteomics-based
target identification as discussed in Sect. 3. The anticancer pseudoguaianolide
helenalin (16) is also thiol-reactive (Widen et al. 2017). Nature also constructs
various dimeric and higher-order structures featuring multiple electrophilic sites as
typified by ainsliadimer A (17) and ainsliatrimer A (18). Mode of action studies by
Lei et al. has found these compounds target IKKa/b and PPARc (Li et al. 2014;
Dong et al. 2015).

An important but less frequently encountered class of hetero-Michael acceptors
is the family of quinone methides, which aromatize the following conjugate addi-
tion and thus providing an additional driving force for conjugation (Fig. 2c)
(Bai et al. 2014). Celastrol (19), which possesses a myriad of biological activities
including anticancer and anti-inflammatory effects, is cysteine-reactive (Klaić et al.
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2012; Zhou et al. 2016a). The antibacterial and cytotoxic natural product kendo-
mycin (20) reacts with a proteasome histidine residue (Beck et al. 2014). Finally, it
should be noted that few “stable” quinone methides exist; in many cases, the
reactive electrophile is generated in situ (Bai et al. 2014). Pleurotin (21), for
example, has been hypothesized to undergo in situ reduction to generate the
reactive quinone methide 22 (Moore 1977).

2.3 Aldehydes, Hemiacetals, and Aminals

Nature also utilizes natural products containing electrophilic carbonyl groups at the
aldehyde oxidation state, including free aldehydes, aminals, and hemiacetals, for
covalent target engagement. The phytotoxic sesterterpene ophiobolin A (23) has
been shown to condense with a lysine side chain of the calcium-binding protein
calmodulin, presumably forming an extended enamine intermediate (Leung et al.
1988). Of note, 1, 4-dicarbonyl-containing natural products, including 23, have
also been implicated in the formation of pyrroles via a Paal–Knorr-type process
with intracellular amines (Chidley et al. 2016; Kornienko and La Clair 2017).

O

O
Me

Me

O

OH

helenalin (16)

Me

Me O
O

O

parthenolide (15)

O

Me
H

OH
Me

H

OH
O

oridonin (14)

O

H
H

H

O
HO

O

O

H

O

H

H

ainsliadimer A (17)

O

O

H

O

H OH

HO H
O

OH

O O

H

H

O

ainsliatrimer A (18)

H

HN
N

OMe

O

CO2H

O

NH

Me

H
N

O

O

H
N

O

NH

Me

CO2H

HN

Me

Me

O

Me

N
H

HN

NH2

MeMe

OMe

Ph

microcystins (12)

O

Me

O

Me

Me

Me Me

O

Me Me

OH

Me

CO2H

leptomycin B (13)

(a)

(b)

Me

O

HO

Me Me

H

Me

Me CO2H

Me

celastrol (19) kendomycin (20)

O

O

O
O

H

O
H

H

Me

pleurotin (21)

O

O

HO O

H

HO

H

H

Me
Me

O

O
O

Me

Me

HO

OH

MeMe

Me Me

HO

(c)

OH

OH

22

reduction

Fig. 2 Natural products susceptible to hetero-Michael addition. a a,b-unsaturated amides, esters,
and ketones. b selected exocyclic methylene lactone c electrophilic quinone methides

356 D. K. Nomura and T. J. Maimone



The bis-hemiacetal marine natural product manoalide (24) has also been proposed
to react with lysines (Pettinger et al. 2017). Ecteinascidin 743 (25), an
aminal-containing anticancer agent and approved drug (trabectedin), generates an
iminium ion which covalently bonds to DNA bases (Aune et al. 2002) (Fig. 3).

In summary, nature has evolved a myriad of chemical warheads to covalently
modify a range of biological nucleophiles and many historically successful natural
product-based drugs have exploited these features. Given the enormous number of
naturally occurring epoxide and a,b-unsaturated carbonyl-containing metabolites,
one can assume that we have only scratched the surface with respect to detailed
target annotation as well as understanding the complex polypharmacology of
bioactive natural products. Moreover, nature continues to impress the organic and
medicinal chemist with its complex arsenal and sometimes bizarre mechanisms for
generating reactive warheads (Fig. 4) (Kwan and Luesch 2010). One cannot help
but stand in awe at processes such as the thiol-mediated conversion of leinamycin
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(26) to DNA-reactive episulfonium ion 27 or the retro-dimerization of the alkaloid
stephacidin B (28) into protein-reactive, a,b-unsaturated nitrone-containing
avrainvillamide (29) (Asai et al. 1996; Myers and Herzon 2003; Wulff et al.
2007). By studying these processes, searching for new ones, and distilling the
essential features needed for efficient bond formation, new chemistry concepts
relevant to small molecule drug discovery will no doubt be unearthed (Crane and
Gademann 2016).

3 Chemoproteomic Approaches to Target Identification
of Covalently Acting Natural Products

3.1 Reversible Versus Irreversible Natural Products
and Methods for Target Identification

Many strategies have arisen to tackle the challenge of identifying direct protein
targets of natural products. These include classical approaches wherein natural
products can be immobilized onto solid supports for affinity-based isolation of
protein targets (Wright and Sieber 2016). Approaches that enable target identifica-
tion without chemical modification have also arisen, including cellular thermal shift
assay (CETSA) or thermal proteome profiling (TPP) (Chang et al. 2016). Among
various approaches, chemoproteomic strategies have been thus far been the domi-
nant approach for natural product target identification, which relies on: (1) direct
derivatization of natural products to incorporate photoaffinity cross-linkers (e.g.,
diazirines, benzophenones), biorthogonal handles (e.g., alkynes or azides), and/or
biotin enrichment handles to enable covalent capture and enrichment; or
(2) activity-based protein profiling (ABPP)-based competitive chemoproteomic
profiling approaches pioneered by Benjamin Cravatt, wherein the parent natural
product, usually covalently acting, is competed against a broadly reactive probe—
for subsequent identification of the natural product protein targets by mass-
spectrometry-based proteomics (Wright and Sieber 2016; Kanoh 2016; Pan et al.
2016). For reversibly acting natural products, these target identification approaches
still remain quite challenging and laborious due to low abundance of the targets, high
degree of non-specific binding, or synthetic difficulty in natural product derivati-
zation without losing bioactivity. Furthermore, while these types of experiments can
provide direct protein targets, identifying the specific site of binding within the
protein target often requires additional structural elucidation.

As mentioned, many natural products possess electrophilic fragments capable of
covalently reacting with nucleophilic amino acids within proteins to disrupt their
biological functions (Drahl et al. 2005; Gersch et al. 2012). As seen in Sect. 2,
b-lactones/lactams, exocyclic methylene lactones, spiroepoxides, enones,
a,b-unsaturated amides and esters, quinone methides, and aldehydes all take part in
protein modification. These reactive groups have been shown to covalently modify
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mostly serine, cysteine, threonine, and lysine, but also other amino acids such as
histidine, arginine, and aspartic and glutamic acid on particular protein targets
(Drahl et al. 2005; Gersch et al. 2012). The advantage of covalently acting natural
products is their relative ease in target identification compared to reversibly acting
molecules. This is in part because direct covalent attachment by the natural product
itself enables harsher washing steps of the protein during the enrichment processes
to reduce non-specific binding. It also abrogates non-specific reactivity issues that
arise from photoaffinity tags and photo-crosslinking. It is also easier to identify the
specific site of covalent modification or the druggable hotspots targeted by reactive
natural products compared to reversibly acting natural products using competitive
ABPP methods subsequently described. As previously mentioned, understanding
the specific amino acid targeted by the natural product within a specific protein
directly from complex proteomes or living systems provides significant benefit over
just the identification of the protein target; the druggable hotspot(s) may represent a
unique and functional modality that can be exploited for drug discovery without the
laborious and sometimes impossible efforts of having to solve the three-dimensional
structure of the natural product bound to the protein by either crystallographic or
spectroscopic means. Furthermore, these sites of covalent natural product modifi-
cation now represent ligandable hotspots that can be interrogated with far simpler
and more synthetically tractable covalently acting small-molecule libraries using
high-throughput competitive ABPP screening approaches to be subsequently dis-
cussed. We will discuss the two primary chemoproteomic methods for target
identification of covalently acting natural products.

3.2 Target Identification Using Natural Product-Based
Probes

The chemoproteomics approach that has most commonly been used for covalently
acting natural products is to derivatize or synthesize the natural product analog
incorporating either a biotin enrichment handle or an alkyne to which a fluorophore-
azide or biotin-azide handle can be appended by copper-catalyzed azide–alkyne
cycloaddition reactions (CuAAC) (Fig. 5a) (Tornøe et al. 2002; Rostovtsev et al.
2002; Heeres and Hergenrother 2011; Gersch et al. 2012; Ursu andWaldmann 2015;
Wright and Sieber 2016; Pan et al. 2016). This general strategy can also be coupled
with competition studies with the parent natural product and quantitative proteomic
approaches with stable isotopic labeling of cells (SILAC) or isotopic tagging of
peptides (e.g., TMT labeling) to identify the direct targets of these natural products
(Ong et al. 2002; Thompson et al. 2003; McAlister et al. 2014).

With natural product probes bearing the full linker and biotin handles, the utility
of these probes is often limited to in vitro experiments since the larger nature of the
probe precludes cell penetrance. Nonetheless, this approach has been used
repeatedly to identify the targets of many covalently acting natural products. Craig
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Crews’ group has used this approach to gain invaluable insights into the mecha-
nisms of action of multiple covalently acting natural products (Sin et al. 1997;
Meng et al. 1999; Kwok et al. 2001). His group synthesized a biotinylated
parthenolide analog and showed that this natural product derived from the feverfew
plant exerts anti-inflammatory activity through targeting IKKb and showed through
mutagenesis studies that it reacts with cysteine C179 (Kwok et al. 2001). His team
also discovered that epoxomicin (6), isolated from Actinomyces, covalently reacts
with the LMP7, X, MECL1, and Z catalytic subunits of the proteasome using a
biotinylated epoxomicin derivative (Sin et al. 1999; Meng et al. 1999). Subsequent
studies by the Crews Laboratory showed that epoxomicin formed a morpholino ring
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between the amino-terminal threonine and the epoxomicin pharmacophore (Groll
et al. 2000) and epoxomicin analogs were eventually developed into the multiple
myeloma cancer drug carfilzomib or kyprolis (Kim and Crews 2013). Similarly, his
group discovered that the antiangiogenic natural product fumagillin (7) was found
to covalently react with methionine aminopeptidase, MetAP-2, using a biotinylated
derivative of 7 (Sin et al. 1997). Through site-directed mutagenesis studies using a
fluorescein-labeled fumagillin analog, Jun Liu’s group subsequently identified the
site of covalent modification as His231 in MetAP-2 (Griffith et al. 1998). The
anticancer natural product withaferin A, a steroidal lactone from the withanolide
class of natural products found in Withania somnifera and other plant species, was
shown to react with C328 of the intermediate filament protein vimentin using a
biotinylated derivative of withaferin A (Bargagna-Mohan et al. 2007). Herbert
Waldmann’s group also synthesized a biotinylated derivative of the tetramic acid
natural product melophlin A and found that it targeted dynamin to modulate RAS
signaling (Knoth et al. 2009).

Natural product probes bearing a biorthogonal alkyne handle can be used in
complex proteomes, live cells, or in live animals, after which fluorescent or
enrichment handles can be appended onto probe-labeled proteins for visualization
or enrichment and identification of natural product targets. Cravatt et al., who have
pioneered these types of chemoproteomic approaches, have utilized this approach
successfully to map the on and off targets of countless pharmaceutical drugs, drug
candidates, and tool compounds (Ahn et al. 2009, 2011; Bachovchin et al. 2011a;
Lanning et al. 2014; Whitby et al. 2017; Niessen et al. 2017). In relation to natural
products, Cravatt et al. synthesized a diverse alkyne-functionalized library of
spiroepoxides, inspired by the many covalently acting natural products that bear

JFig. 5 Chemoproteomic approaches to target identification of covalently acting natural products.
a Natural products can be derivatized with functional biorthogonal alkyne handles to enable
chemoproteomic target identification. Cells subjected to SILAC can be treated with vehicle or
natural product. Cell proteomes can then be treated with the alkyne-functionalized natural product
probe and subjected to CuAAC to append a biotin-azide handle after which probe-labeled
isotopically light or heavy proteins can be combined in a 1:1 ratio, avidin-enriched, subjected to
on-bead tryptic digestion, and subsequent tryptic peptides can be analyzed by LC-MS/MS. Those
proteins showing high light-to-heavy SILAC ratios are targets of the covalently acting natural
product probe which are competed by the parent natural product. b isoTOP-ABPP uses
reactivity-based probes to profile proteome-wide reactive and ligandable hotspots in complex
proteomes. Reactivity-based probes consist of a broadly reactive warhead and an alkyne or azide
handle which can be appended onto an analytical handle (e.g., fluorophore, biotin, or cleavable
biotin handles) by CuAAC. Shown are examples of cysteine, lysine, and methionine reactive
probes. (C) In an isoTOP-ABPP experiment, proteomes are treated with vehicle or covalently
acting natural product and subsequently labeled with reactivity-based probes. Probe-labeled
proteins are then appended to a TEV protease-cleavable biotin-azide tag bearing isotopically light
or heavy handles for control or treated proteomes, respectively. Control and treated proteomes are
subsequently mixed in a 1:1 ratio, probe-labeled proteins are avidin-enriched, tryptically digested,
and probe-modified tryptic peptides are eluted by TEV protease and analyzed by LC-MS/MS.
Those probe-modified peptides that show high light-to-heavy ratios indicate the druggable hotspot
targeted by the covalently acting natural product
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this scaffold including fumagillin and lumanicin D. They then screened this library
for antiproliferative effects in breast cancer cells and identified a particular
spiroepoxide MJE3 that covalently modified and inhibited the glycolytic enzyme
PGAM1 (Evans et al. 2005). Edward Tate’s group has also made seminal contri-
butions to chemoproteomic discoveries in natural product target identification.
Their group showed, for example, that the reactive cyclic sesquiterpene zerumbone
that has been shown to possess anti-inflammatory and anticancer activity reacts
with numerous targets in cells involved in cell death, metabolism, cell cycle, and
cytoskeletal pathways (Kalesh et al. 2015). Stephen Sieber’s group has also
repeatedly used these approaches to successfully identify protein targets of cova-
lently acting antibacterial natural products (Staub and Sieber 2008; Böttcher and
Sieber 2010; Zeiler et al. 2011; Wirth et al. 2012; Nodwell et al. 2012; Battenberg
et al. 2013; Wright and Sieber 2016). To highlight a few examples, the Sieber group
functionalized multiple b-lactam antibiotics with alkyne handles for labeling
diverse penicillin-binding proteins and subsequently introduced a series of new
b-lactam probes that covalently labeled and inhibited a selection of additional
bacterial protein targets, including the virulence-associated enzyme ClpP and
resistance-associated b-lactamase (Staub and Sieber 2009). In another study, they
functionalized a potent nucleoside antibiotic showdomycin with an alkyne handle
and showed that it covalently binds to cysteines and inhibits multiple bacterial
pathogenesis-associated enzymes, including MurA1 and MurA2 enzymes required
for cell wall biosynthesis (Böttcher and Sieber 2010). They also defined multiple
antibacterial targets of the dihydro-a-pyrone natural product rugulactone that bears
two potentially cysteine-reactive Michael acceptors using an alkyne-functionalized
rugulactone derivative, including covalent inhibition of 4-amino-5-hydroxymethyl-
2-methylpyrimidine phosphate kinase (ThiD), involved in thiamine biosynthesis
(Nodwell et al. 2012).

3.3 Activity-Based Protein Profiling (ABPP) for Identifying
Proteome-Wide Druggable Hotspots Targeted
by Covalently Acting Natural Products

The aforementioned approaches have been very successful at identifying the targets
of covalently acting natural products. However, many natural products are
incredibly complex to synthesize or may not necessarily have appropriate sites for
derivatization. Furthermore, identifying the specific site that has been covalently
modified within the target can be challenging and laborious and requires consid-
erable mutagenesis experiments upfront to nail down the specific site of modifi-
cation. Identifying the specific sites of modification of large reactive natural
products by mass spectrometry may also be challenging if the specific modified
adduct on the protein is unstable, semi-reversible, or does not ionize well for mass
spectrometry detection.
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A chemoproteomic platform pioneered by the Cravatt group that greatly facili-
tates the identification of specific druggable hotspots targeted by covalently acting
natural products is ABPP, which uses reactivity-based chemical probes to profile
proteome-wide reactive, functional, and ligandable hotspots directly in complex
proteomes (Fig. 5b, c). ABPP utilizes active-site-directed probes to profile the
activities of entire enzyme classes. ABPP has now evolved to utilize broader
reactivity-based probes to map proteome-wide ligandable amino acid hotspots.
Pioneered by Benjamin Cravatt, Eranthie Weerapana, and Chu Wang, this modern
version of ABPP termed isotopic tandem orthogonal proteolysis–ABPP
(isoTOP-ABPP) enables the specific and quantitative mapping of proteome-wide
sites of probe modifications (Weerapana et al. 2010). Reactivity-based probes
consist of three features which enable this approach: (1) chemical probes that
consist of an electrophilic warhead that can react with nucleophilic hotspots on
proteins; (2) an alkyne handle for CuAAC conjugation of an enrichment handle for
probe-labeled proteins and peptides; and (3) an azide-functionalized TEV protease
recognition peptide linker bearing an isotopically light or heavy valine and a biotin
group which can be appended onto probe-labeled proteins for subsequent avidin
enrichment of probe-labeled proteins, digestion, isolation of probe-labeled tryptic
peptides, and TEV release of probe-labeled peptides for subsequent quantitative
proteomic analyses comparing isotopically light-to-heavy peptide ratios of
probe-modified tryptic peptides. These probes react not only with catalytic sites
within enzymes, but also solvent-accessible binding pockets, post-translational
modification sites, cysteine oxidation sites, protein–protein interaction sites, and
other types of regulatory or functional domains across the proteome. When coupled
with isoTOP-ABPP to map reactivity of specific sites of probe modification, this
overall approach enables a global method for mapping protein functionality and,
more importantly, facilitates the identification of ligandable hotspots within protein
targets that may have previously been undruggable (Weerapana et al. 2010).

When used in a competitive manner (competitive isoTOP-ABPP) (Fig. 5c),
covalently acting small molecules, such as electrophilic natural products, can be
competed against the binding of their corresponding reactivity-based probes to
rapidly identify not only the targets, but also the specific sites of modifications, of
these molecules (Weerapana et al. 2008; Wang et al. 2014; Backus et al. 2016;
Hacker et al. 2017a). This isoTOP-ABPP approach has also evolved to employ
chemically or UV-cleavable isotopic linkers, SILAC, multiplexed isotopic labeling
strategies, isotopic incorporation into reactivity-based probes, and caged
reactivity-based probes for in-cell use (Adibekian et al. 2011; Qian et al. 2013; Abo
and Weerapana 2015; Abegg et al. 2015; Abo et al. 2017; Tian et al. 2017). There
are multiple advantages of this method compared to the direct incorporation of
analytical handles, conjugation to solid supports, or thermal stability assays. First,
because the method involves not just the enrichment of proteins labeled with the
broad reactivity-based probes, but also further enrichment of the specific
probe-modified peptides, the proteome-wide coverage of probe-labeled sites is
substantial. Second, this method allows for the use of the parent covalent natural
product directly in vitro, in situ, or in vivo and does not require synthesis of
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derivatives which may result in altered biological activity. Third and most impor-
tantly, this approach enables the identification of not only the direct target of the
reactive compound, but also the specific amino acid druggable hotspot that is
targeted by the natural product. There are also drawbacks to this approach though.
First, this method is most amenable for covalently acting compounds as these
entities are competed against other covalently acting reactivity-based probes.
Second, this approach does not encompass all types of natural product reactivities.
The chemical biology field has developed versatile reactivity-based probes that are
compatible with proteomic profiling of probe-modified peptides for many amino
acids, such as cysteines, lysines, serines, and methionines (Liu et al. 1999;
Weerapana et al. 2008, 2010; Adibekian et al. 2011; Shannon et al. 2014; Lin et al.
2017; Ward et al. 2017; Hacker et al. 2017a). While there are many chemoselective
bioconjugation reactions that have been reported and are being discovered for other
amino acids, it is unclear whether these probes will be compatible with ABPP
methods (Shannon and Weerapana 2015; Mix et al. 2016; deGruyter et al. 2017;
Martín-Gago et al. 2017). Thus, if the covalently acting natural product (e.g.,
epoxomicin, fumagillin) reacts outside of the cysteine, lysine, serine, and
methionine functional space, this approach currently does not work. Also, currently
existing reactivity-based probes do not likely functionalize all possible ligandable
sites within the amino acid scope of the probe and thus may still miss natural
product targets. Third, there is no direct enrichment of natural product targets, so
low abundance targets of natural products may be missed.

Nonetheless, ABPP platforms have been successfully used to identify targets and
druggable hotspots targeted by many covalently acting natural products. The
isoTOP-ABPP platform (pioneered by the Cravatt, Weerapana, and Wang groups)
has been used to map druggable hotspots targeted by a multitude of reactive
metabolites, drugs, drug candidates, and tool compounds (Weerapana et al. 2010;
Banerjee et al. 2013; Wang et al. 2014; Shannon et al. 2014; Lewallen et al. 2015;
Blewett et al. 2016; Backus et al. 2016; Zhou et al. 2016b; Chen et al. 2017, 2018;
Hacker et al. 2017a; Bar-Peled et al. 2017). Focusing on natural products, the
Cravatt group has also used ABPP platforms and the serine hydrolase-directed
fluorophosphonate activity-based probe to profile the targets of b-lactone natural
product tetrahydrolipstatin (THL) in mouse brain proteomes and showed that this
compound inhibits multiple serine hydrolase enzymes, including Bat5, Abhd12,
Pla2g7, and Tpp2 (Hoover et al. 2008). In another study, Porco et al. used ABPP
platforms to discover that a novel rocaglate-derived b-lactone inhibits serine
hydrolases ABHD10, ACOT1/2, CTSA, and SCPEP1 in prostate cancer cells
(Lajkiewicz et al. 2014). Adibekian et al. adapted isoTOP-ABPP platforms using a
cysteine-reactive alkynyl benziodoxolone probe and a UV-cleavable linker bearing
a biotin enrichment handle to discover the proteome-wide targets of curcumin, an
anticancer diarylheptanoid natural product and showed that curcumin covalently
modifies several key players of cell signaling and metabolism, including casein
kinase I gamma (Abegg et al. 2015). Yang et al. used a similar multiplexed
iTRAQ-ABPP strategy to profile the disparate proteome-wide cysteine reactivity of
seven exocyclic methylene lactone-containing natural products (Tian et al. 2017).
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A recent elegant collaborative study led by Michael Fischbach’s group showed that
a family of non-ribosomal peptide synthetase gene clusters in gut bacteria encode
for pyrazinone and dihydropyrazinone natural products. They showed in collabo-
ration with the Cravatt group using isoTOP-ABPP platforms that the active form of
these molecules is the initially released peptide aldehyde, which bears potent
protease inhibitory activity and selectively targets the catalytic cysteines of a subset
of human cathepsins (Guo et al. 2017). In another study, Nomura and colleagues
used isoTOP-ABPP to map the proteome-wide cysteine reactivity of licochalcone A
and found that this natural product impairs breast cancer cell viability through
targeting C239 of prostaglandin reductase (Roberts et al. 2017).

3.4 Covalent Ligand Discovery Against Druggable Hotspots
Targeted by Natural Products

The advantage of identifying the direct targets and druggable hotspots targeted by
covalently acting anticancer natural products is that these targets can then be further
pharmacologically interrogated with more synthetically accessible covalently acting
chemical scaffolds for drug discovery efforts. Upon identifying the protein and
druggable hotspot targeted by the covalently acting natural product that is respon-
sible for its biological action, ABPP-based covalent ligand screening can potentially
be used to pharmacologically interrogate this site in a target-based manner using
moderate- to high-throughput screening approaches utilized by traditional
target-based drug discovery efforts (Fig. 6a, b) (Bachovchin et al. 2009, 2010,
2011b). This method contrasts with having to perform medicinal chemistry efforts
on natural product scaffolds that can be synthetically challenging, with readouts
based on their bioactivity rather than affinity to specific protein targets. Cravatt and
Backus showed the power of chemoproteomics-enabled covalent ligand discovery
approaches in pharmacologically targeting classically undruggable or therapeuti-
cally intractable ligandable hotspots with cysteine-reactive covalent ligands.47 This
work has been followed up by Cravatt, Weerapana, Nomura, and many others
showing that cysteine- and lysine-reactive covalent ligands can be used to target
classically intractable targets for potential therapy (Shannon et al. 2014; Bateman
et al. 2017; Hacker et al. 2017a, b; Anderson et al. 2017; Grossman et al. 2017).

In Cravatt and Backus’s study, they identified covalent ligands against >700
cysteines found in both druggable and more intractable proteins, including tran-
scription factors, adaptor/scaffolding proteins, and uncharacterized proteins. Among
the many validated examples of covalent ligands targeting characterized and pre-
viously unrecognized functional cysteines, one particular unique example they
demonstrated was a cysteine-reactive covalent ligand that targeted the catalytic
cysteine C360 of caspase 8, only in its inactive zymogen form, but not its active
form, wherein they used these compounds to distinguish extrinsic apoptosis path-
ways in human cell lines versus primary human T cells (Backus et al. 2016). In
another study, Nomura and Bateman performed a phenotypic screen with
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cysteine-reactive covalent ligands to identify hits that impaired colorectal cancer
cell viability. From this screen, they identified a cysteine-reactive covalent ligand
that targeted C1101 of reticulon 4 (RTN4), a protein involved in endoplasmic
reticulum (ER) membrane curvature and tubule formation. The authors showed that
targeting this C1101 of RTN4 impaired ER tubular formation and nuclear mor-
phology during cell division leading to impaired colorectal cancer pathogenicity
(Bateman et al. 2017).

The feasibility of simpler covalent ligands that can react with druggable hotspots
targeted by covalently acting natural products was shown by Nomura, Grossman,
and Ward recently (Grossman et al. 2017). The authors used isoTOP-ABPP

O

O N
H

O

Cl

Cl

N
H

O

O

NR1

R2

O

NR1

R2

Cl

O

NR1

R2

S

O

NR1

R2 S

O

O
HN

O

N
H

O

N

O
Cl

N

S

Br

S-

cysteine

O

O

NH

Cl

N
N N

NCl

Cl

H
N

N

N N

NCl
H
N

Cl

Cl

O

O

Cl

S
O

O
FO

N

O
HO

reactivity-based
probe

ligand-
treated

reactivity-based
probe

control

+ ligand

- ligand

N3

N3

Cu-catalyzed
“click” chemistry

Cu-catalyzed
“click” chemistry

rhodamine-tag

N

N
N

rhodamine-tag

Rh

Rh

Rh

protein

protein

in-gel fluorescence

co
nt

ro
l

lig
an

d 
1

lig
an

d 
2

lig
an

d 
3

fluorescence polarization

gel-based and fluorescence polarization-based ABPP to discover covalent ligands
against high-value targets

cysteine-, lysine-, and serine-reactive scaffolds and examples of covalent ligands
in covalent ligand libraries

cysteine-reactive scaffolds lysine-reactive scaffolds

(a)

(b)

N N

NCl

Cl

N R2

R1

NH2

lysine

O

R O N

O

O

N N

NCl

HN

N R2

R1

O

R N
H

S
O

O
FO

R
NH2

lysine

S
O

O
NHO

R

Fig. 6 Covalent ligand discovery against druggable hotspots targeted by covalently acting natural
products. Upon identifying druggable hotspots targeted by covalently acting natural products using
chemoproteomic platforms, such as isoTOP-ABPP, more synthetically tractable covalent ligand
libraries can be competed against the natural product target using higher throughput ABPP
approaches. a Shown are reactive scaffolds for covalent ligand libraries for cysteines and lysines.
b Covalent ligands can be screened against targets using gel-based or fluorescence
polarization-based ABPP assays in a target-based screening paradigm

366 D. K. Nomura and T. J. Maimone



platforms to map the proteome-wide cysteine reactivity of withaferin A and found
that the primary target in breast cancer cells was an activating C377 on the protein
phosphatase 2A (PP2A) regulatory subunit PPP2R1A, which led to the activation of
PP2A activity, dephosphorylation and inactivation of AKT signaling, and impaired
breast cancer pathogenicity (Grossman et al. 2017). They performed a parallel
phenotypic screen with a simpler cysteine-reactive library and identified a simpler
chloroacetamide that targeted this same C377 on PPP2R1A to recapitulate many of
the properties observed with withaferin A. Further medicinal chemistry efforts led
to the generation of JNS 1-40, a chloroacetamide that was in vitro, in situ, and
in vivo selective for C377 on PPP2R1A, which activated PP2A activity, inactivated
AKT signaling, and impaired breast cancer tumorigenesis in vivo (Grossman et al.
2017). While the simper covalent ligand identified in this study was fortuitously
identified to modify the same site as withaferin A, this study shows that gel-based
or fluorescence polarization-based moderate- to high-throughput competitive ABPP
assays can likely be performed against natural product targets to rapidly screen for
simpler ligands that bind to the same sites and recapitulate the actions of their more
complex natural product counterparts (Fig. 6b).

4 Conclusions

In conclusion, there are countless reactive natural products that likely target unique
druggable hotspots across a diversity of therapeutic targets. Moreover, many more
are likely yet to be discovered, some of which may exploit completely novel
reaction chemistry and mechanisms of action. The translational potential of these
natural products into drugs has been hampered in part by difficulty of synthesis,
isolation, mechanistic understanding, and speed of translation compared to
target-based drug discovery efforts. At least with covalently acting natural products,
chemoproteomic platforms are becoming increasingly powerful and robust to
enable target identification in a reasonable time frame. Covalent ligand discovery
against druggable hotspots targeted by reactive natural products using target-based
ABPP screening strategies may help to overcome some of the other challenges
faced with natural product translation by developing more synthetically tractable
small molecule leads that are inspired, not necessarily by the natural product
scaffold itself, but rather the target and druggable hotspot.

While this review focused on covalently acting natural products and covalent
ligand discovery, these strategies can also be applied to reversibly acting natural
products and chemoproteomics-enabled fragment screening using photoaffinity-
labeling strategies. Recent studies by the Cravatt group showed how proteome-wide
ligandable hotspots can be massively expanded through the use of quantitative
chemoproteomic platforms and “fully functionalized” fragment probes bearing a
variable small-molecule fragment conjugated to a constant tag bearing an alkyne
and photoactivable diazirine group (Parker et al. 2017). These types of strategies
may be coupled with traditional photoaffinity-labeling-based natural product target
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identification approaches to discover more synthetically tractable compounds that
target druggable sites targeted by reversibly acting natural products. The future of
this research area will no doubt greatly benefit small-molecule drug discovery.
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Abstract Cysteine thiols are involved in a diverse set of biological transformations,
including nucleophilic and redox catalysis, metal coordination and formation of both
dynamic and structural disulfides. Often posttranslationally modified, cysteines are
also frequently alkylated by electrophilic compounds, including electrophilic
metabolites, drugs, and natural products, and are attractive sites for covalent probe
and drug development. Quantitative proteomics combined with activity-based pro-
tein profiling has been applied to annotate cysteine reactivity, susceptibility to
posttranslational modifications, and accessibility to chemical probes, uncovering
thousands of functional and small-molecule targetable cysteines across a diverse set
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of proteins, proteome-wide in an unbiased manner. Reactive cysteines have been
targeted by high-throughput screening and fragment-based ligand discovery efforts.
New cysteine-reactive electrophiles and compound libraries have been synthesized
to enable inhibitor discovery broadly and to minimize nonspecific toxicity and
off-target activity of compounds. With the recent blockbuster success of several
covalent inhibitors, and the development of new chemical proteomic strategies to
broadly identify reactive, ligandable and posttranslationally modified cysteines,
cysteine profiling is poised to enable the development of new potent and selective
chemical probes and even, in some cases, new drugs.

1 Introduction

With its nucleophilicity and sensitivity to oxidative modifications, cysteine is
unique among proteinacious amino acids. Cysteines contribute to protein stability,
through structural disulfides and are frequently found in enzyme active sites, both
acting as catalytic nucleophiles and non-catalytic residues. Cysteine residues play
an essential role in protecting cells from reactive oxygen species (ROS) and other
cellular oxidants, both as part of the antioxidant tripeptide glutathione and in
proteins that regulate the intracellular redox state, including thioredoxin (Holmgren
1985), peroxiredoxin (Wood et al. 2003), protein disulfide isomerases (Hatahet and
Ruddock 2009), and glutathione S transferases (Ricci et al. 1995). Cysteines are
susceptible to oxidative posttranslational modifications (Cys Ox-PTMs) and are
central to redox-dependent signaling (Klomsiri et al. 2011; Holmstrom and Finkel
2014; Yang et al. 2016). Cysteines are involved in metal coordination in many
different proteins, including zinc finger domains (Berg 1990; Eom et al. 2016),
copper- (Han et al. 1991; Ansbacher et al. 2013) and iron-binding proteins (Kranz
et al. 2009). Although cysteine is underrepresented in the human proteome (Go
et al. 2015), cysteine residues are highly conserved (Marino and Gladyshev 2010)
and upwards of 97% of proteins contain at least one cysteine (Miseta and Csutora
2000). Cysteine residues are among the most frequently mutated disease-causing
residues, suggesting a strong link between functional cysteines and disease
etiology/progression (Khan and Vihinen 2007). Gain of cysteine mutations is also
not uncommon in disease. 12% of oncogenic KRAS mutations, 9% of b-catenin
mutations, and a shocking 88% of fibroblast growth factor 3 mutations are acquired
cysteine mutations (Visscher et al. 2016; Zhou et al. 2016). A recessive mutation in
NFU1 (G208C) impairs iron-sulfur cluster biogenesis (Wachnowsky et al. 2017)
and a dominant mutation in the ubiquitin ligase RNF170 (R119C) destabilizes the
enzyme (Wright et al. 2015). The identification of other gain of function cysteine
mutations linked to disease and small molecules tailored to react with these residues
should yield new precision therapeutics.

Given their central roles in many biological processes, there has been a
long-standing biochemical interest in the identification of pKa perturbed or “hy-
perreactive” cysteine residues, as, at least in many cases, elevated cysteine reactivity
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towards electrophiles has served as a good indication of functional importance. In
contrast with many other well-characterized functional residues, reactive cysteine
residues do not share a well-defined sequence motif. As such, the de novo identi-
fication of such residues has been challenging. These sites have often been identified
in recombinant purified proteins by assessing reactivity towards iodoacetamide,
acrylamide, and maleimide reagents (Kallis and Holmgren 1980; Gan and Wells
1987). More recently, quantitative proteomic has been combined with activity-based
protein profiling (ABPP) to measure relative cysteine reactivities in native biological
settings (Weerapana 2010; Martell et al. 2016). Alongside advances in cysteine
reactivity profiling, recently new chemical probes and proteomic methods have also
enabled the discovery of cysteines sensitive to posttranslational modifications
(PTMs), particularly oxidative modifications (Yang et al. 2015; 2016; Gupta et al.
2017) and cysteines that can be targeted by small-molecule chemical probes (Backus
et al. 2016; Bar-Peled et al. 2017). In the context of this chapter, reactive cysteines
are defined as any cysteines sensitive to chemical probes and hyperreactive cysteines
can be broadly defined as those pKa-perturbed thiols that are highly susceptible to
alkylation by electrophilic reagents, with saturable labeling at low concentration or
short incubations with probes.

Chemical probes—defined here as small molecules that can be applied to
selectively manipulate and characterize biological processes—can antagonize or
agonize protein function and allow an exquisite level of control over the magnitude
of the perturbation (e.g., graded or partial antagonism or agonism). With the
seeming prevalence of cysteine involvement in biochemical pathways, the devel-
opment of small molecules that react irreversibly and selectively with individual
cysteine residues is an attractive strategy to inhibit (or activate) proteins with
suitable residues. In fact, considerable precedent exists for chemical probes tar-
geting reactive cysteine residues in proteins, including electrophilic natural products
and several approved drugs in current clinical use (Drahl et al. 2005; Singh et al.
2011; Gersch et al. 2012; De Cesco et al. 2017) (Fig. 1; Table 1).

Three of the top-selling drugs in the United States, Plavix (P2Y Purinceptor),
Prevacid (H+/K+ ATPase), and Nexium (H+/K+ ATPase), are cysteine-mediated
covalent inhibitors (Simon et al. 1997; Kim et al. 2003). Four covalent kinase
inhibitors, afatinib, ibrutinib, osimertinib, and neratinib, which all react with con-
served non-catalytic, cysteine residues in the kinases’ ATP binding sites, have
received FDA approval and have become blockbuster drugs for the treatment of
various cancers. Afatinib targets Cys797 in the Epidermal Growth Factor Receptor
Tyrosine Kinase (EGFR) and is approved for the treatment of non-small cell lung
cancers (Carmi et al. 2012; Liu et al. 2013). Osimertinib, which targets the T790M
afatinib-resistant mutant EGFR and Neratinib, which inhibits EGFR and HER2
(Zhou et al. 2009; Yver 2016) label Cys797 in EGFR and Cys805 in Her2.
Ibrutinib, which targets Cys481 in Bruton’s Tyrosine Kinase, is approved to treat
cancers (leukemia, Waldenström’s macroglobulinemia) and autoimmune disorders
(graft disease).

There are numerous examples of electrophilic natural products, including
those shown in Table 1. Quite strikingly, several natural products, including
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Laptomycin B and Ratjadone have been identified that label Cys529 in Exportin 1
(XPO1 or CRM1) (Jang et al. 2003; Meissner et al. 2004), which is the same
cysteine that is targeted by Selinexor (KPT330) and related compounds that are in
clinical trials for the treatment of ovarian cancers (Lapalombella et al. 2012;

Fig. 1 a Labeling of proteinacious cysteines by iodoacetamide, maleimide, and acrylamide
electrophiles, b–d The structures of representative cysteine-reactive compounds, including,
b Metabolically activated covalent acid reflux drugs. c FDA-approved covalent kinase inhibitors,
and d Natural products. Electrophiles are highlighted in red
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Table 1 Proteins and cysteines labeled by representative covalent cysteine-reactive compounds

Compound Target Labeled
residue

Catalytic
nucleophile?

References

Afatinib EGFR Cys797 No Carmi et al. (2012)

Ibrutinib Ibrutinib Cys481 No Ponader (2012),
#11

Osimertinib EGFR T790M Cys797 No Zhou et al. (2009),
Yver (2016)

Neratinib EGFR, HER2 Cys797
Cys805

No Wissner et al.
(2003),
Segovia-Mendoza
et al. (2015)

Plavix P2Y12 subunit of
ADP Receptor

Cys17,
Cys270

No Ding et al. (2003)

Prevacid,
Nexium

ATP4A Cys813 No Besancon et al.
(1997)

F-fluorouracil Thymidylate
synthase

Cys195 Yes Liu et al. (1999)

Selinexor XPO1 (CRM1) Cys529 No Lapalombella
et al. (2012)

ARS-1620 KRAS Gly12Cys No Janes et al. (2018)

Hypothemycin Kinases, including
MEK, ERK,
PDGFR, VEGFR2,
and FLT3

CDXG
loop

No Tanaka et al.
(1999)

Leptomycin B XPO1 (CRM1) Cys529 No Jang et al. (2003)

Ratjadone XPO1 (CRM1) Cys529 No Meissner et al.
(2004)

E-64 Papain Cys259 Yes Barrett et al.
(1982)

Microcystin PP1 Cys273 No MacKintosh et al.
(1995)

Avrainvillamide Nucleophosmin Cys275 No Wulff et al. (2007)

Curcurmin STAT3 Cys259 No Hahn et al. (2018)

Andrographolide p50/NF-jB Cys62 No Xia et al. (2004)

Parthenolide p65/NF-jB, others Cys38 No Garcia-Pineres
et al. (2001),
Ploger et al.
(2015)

Fosfomycin MurA Cys115 Yes Eschenburg et al.
(2005)

Showdomycin MurA Cys115 Yes Böttcher and
Sieber (2010)

Zerumbone Keap1, others Multiple No Ohnishi et al.
(2009, 2013)
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Hing et al. 2016), suggesting that electrophilic natural products can, at least in some
cases, be used to identify clinically relevant targets. The fungal natural product
hypothemycin inhibits a subset of human kinases by labeling a conserved active site
cysteine (Tanaka et al. 1999), which provided precedent for many other covalent
kinase inhibitors that have been developed to date. Other electrophilic compounds
of note include mechanism-based inhibitors (e.g., 5-fluorouracil) and covalent
inhibitors of the G12C mutated form of KRAS (Ostrem et al. 2013; Patricelli et al.
2016; Janes et al. 2018), a protein that was previously thought to be “undruggable,”
showcasing the utility of cysteine-reactive compounds to access tough-to-drug
proteins. These examples and many others exemplify how covalent ligands that
target cysteine residues offer an attractive strategy for small-molecule probe
development that is complementary to more conventional ligand discovery efforts
(Erlanson et al. 2000a, b; Jeffery and Bogyo 2003; Erlanson and Hansen 2004;
Erlanson et al. 2004; Blum et al. 2007; Cohen et al. 2007; Garske et al. 2011;
Sadowsky et al. 2011; Serafimova et al. 2012).

2 Identification of Reactive Cysteines

2.1 Biochemical Characterization of Cysteine Thiol
Reactivity

Biochemically, “hyperreactive” cysteines have traditionally been characterized by
reactivity with maleimide, iodocetamide, and iodoacetic acid reagents, including
calculations of the second-order rate constants for the alkylation reactions and pH
titrations or by measuring the rate of a chemical reaction involving the thiol to
calculate the pKas of individual cysteine residues (Kallis and Holmgren 1980; Gan
and Wells 1987; Grauschopf et al. 1995; Dyson et al. 1997; Jacobi et al. 1997;
Hansen et al. 2005). Although the pKa of the average thiol centers around 8.5, thiol
pKas has been found to vary widely (from 3.5 to 10) (Nelson and Creighton 1994),
depending on the surrounding microenvironment. Thiolate anions are stabilized by
positive charges and destabilized by proximal negative charges. For example,
electrostatic influence of a nearby lysine residue has been proposed to contribute to
the abnormally low pKa of Cys32 in thioredoxin (Kallis and Holmgren 1980) and
the presence of a proximal protonated glutamic acid (E18) reduced the pKa of
Cys106 in PARK7 (DJ-1) from 8.3 to 5.4 by a stabilizing interaction between the
thiolate and neighboring residues (Witt, Lakshminarasimhan et al. 2008). Cysteine
location at the N-terminal end of an a-helix (Ncap) was also been found to increase
thiol reactivity (Kortemme and Creighton 1995; Iqbalsyah et al. 2006; Weerapana
et al. 2010). Limitations of biochemical cysteine reactivity profiling include a
requirement for large amounts of purified protein, a lack of throughput, and
incompatibility with proteins of unknown function and proteins that are difficult to
isolate, including membrane-bound proteins and those found in larger complexes.
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2.2 Proteomic Profiling of Cysteine Residues

With the advent of shotgun proteomics (Eng et al. 1994; Shevchenko et al. 1996;
Link et al. 1997; Wolters et al. 2001; McDonald and Yates 2002; Washburn 2015),
chemical probes were rapidly developed to label and enrich alkylation-sensitive
cysteine-containing peptides from complex biological mixtures. Gygi and col-
leagues developed fully functionalized electrophilic probes, termed isotope-coded
affinity tags (ICAT), which feature an electrophile (iodoacetamide or maleimide), an
isotopically encoded linker, and a biotin moiety for capture on avidin or streptavidin
resin (Fig. 2a) (Gygi et al. 1999). Gygi and coworkers labeled proteins from two
distinct samples with either isotopically “light” or “heavy” ICAT reagents and the
samples were combined, digested into peptides, enriched on affinity resin, eluted
from the resin, and analyzed by liquid chromatography–tandem mass spectrometry
(LC-MS/MS). Early ICAT reagents featured deuterium labeled linkers, but in later
iterations (Yu et al. 2004; Yi et al. 2005), 13C-labeled linkers were employed to
address deuterium–resin interactions, thereby improving the co-elution of light and
heavy peptide peaks (Zhang et al. 2001). Building upon the ICAT-approach,
Dennehy and colleagues profiled the cytosolic and nuclear protein targets of mal-
eimide and acrylamide probes (Dennehy et al. 2006), revealing that a subset of
cysteines label preferentially with each electrophile. Wong et al. used similar probes
to profile alkylation sites linked to apoptosis (Wong and Liebler 2008).
Cleavable ICAT probes improved the detection of low-abundance peptides (Hansen
et al. 2003). ICAT has also successfully identified redox-sensitives cysteine thiols
(Wu et al. 2011; Lindemann et al. 2013; Garcia-Santamarina et al. 2014).

Fig. 2 a Cysteine-reactive chemical probes. Electrophiles in red, isotopic labels in blue and
enrichment or visualization handles (biotin, alkyne, rhodamine) in magenta. b gel-based ABPP at
cysteine residues. Cells or cellular lysates are subjected to electrophilic compounds or oxidative
stressors, followed by labeling with an activity-based probe (ABP), SDS-PAGE and in-gel
fluorescence analysis
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In addition to proteomic profiling, in many of these studies, fully functionalized,
biotinylated or fluorescent cysteine-reactive probes were also employed to visualize
thiol-labeling by western blot or in-gel fluorescence (Baty et al. 2002; Rogers et al.
2006), providing an excellent precedent for more tailored cysteine-based compet-
itive ABPP experiments. In these experiments, lysates were pretreated with an
oxidant or alkylating agent and then subjected to labeling by a cysteine-reactive
probe, SDS-PAGE and in-gel fluorescence profiling (Fig. 2b). One of the limita-
tions of ICAT and other early cysteine reactivity studies was the that the fully
functionalized nature of the probes, containing both electrophile and biotin, pre-
cluded profiling of a more diverse set of electrophilic compounds, and largely
restricted studies to in lysate experiments, given the poor cellular uptake of
biotin-containing compounds and cytotoxicity of iodoacetamide and maleimide
reagents (Wong and Liebler 2008). Given the extremely strong interaction between
biotin and streptavidin (Kd � 10−15 M) (Green 1990), a lack of mild conditions to
elute labeled peptides from resin was another limitation of these approaches.

2.3 TOP-ABPP and IsoTOP-ABPP

With the introduction of copper-catalyzed azide–alkyne cycloaddition (CuAAC) or
“click” chemistry (Kolb et al. 2001) and its application to ABPP and bioorthoganol
labeling (Speers and Cravatt 2004) coupled with Tandem Orthogonal Proteolysis-
Activity-Based Protein Profiling (TOP-ABPP) (Speers and Cravatt 2005;
Weerapana et al. 2007, 2008) enabled the characterization of a more diverse set of
electrophilic compounds and the development of more advanced proteomics plat-
forms to quantify cysteine reactivity proteome-wide. To identify the amino acids
labeled by a diverse set of electrophilic compounds, Weerapana, Speers, and col-
leagues synthesized and applied peptide enrichment tags, featuring biotin linked to
a Tobacco Etch Virus (TEV) cleavage motif and an azide for “click” chemistry
(Speers and Cravatt 2005; Weerapana et al. 2007, 2008), termed “TEV-tags”. In
these experiments, lysates were treated with chemical probes, containing alkynes
and electrophiles and, after incubation, the compounds were then conjugated by
“click” chemistry to the TEV-tags, enriched on avidin resin and subjected to
sequential on-bead digests with trypsin and TEV protease to release the labeled
peptides. TOP-APPP identified the sites of labeling and amino acid specificity of
electrophilic compounds, revealing that alpha halides (e.g., chloroacetamide) show
remarkable selectivity for cysteine thiols (Weerapana et al. 2008).

2.4 IsoTOP-ABPP Data Collection and Analysis

The synthesis of isotopic labels into the TEV-tags, (12C- and 13C-) TEV-tags to
conduct isotopic Tandem Orthogonal Proteolysis-Activity-Based Protein Profiling
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(isoTOP-ABPP) built upon TOP-ABPP to enable quantitative reactivity profiling at
cysteine residues (Weerapana et al. 2010). A typical workflow for isoTOP-ABPP
reactivity profiling is shown in Fig. 3. Cellular lysates are treated with a
cysteine-reactive chemical probe, such as iodoacetamide-alkyne (IAA), at either
two different concentrations of probe or with equal amounts of probe for two time
points (e.g., 10� and 1�). Next, the probe labeled samples are conjugated by
“click” chemistry to isotopically differentiated, TEV-cleavable peptide tags. The
samples are then combined pairwise, reduced with 1,4-dithiothreitol (DTT) or tris
(2-carboxyethyl)phosphine (TCEP), and all remaining cysteines alkylated with
iodoacetamide, and then the samples are enriched on streptavidin resin and sub-
jected to sequential on-bead digests first with trypsin and then with TEV protease to
release the labeled peptides. TEV-eluted peptides are analyzed and identified by
LC-MS/MS and the data processed using specialized software, discussed in the next
section. Hyperreactive cysteines are identified as those residues that label equally at
low and high concentrations or short and long time periods.

During LC-MS/MS analysis of a typical isoTOP-ABPP sample, both full mass
spectra (MS1) and tandem MS spectra (MS/MS or MS2) are acquired, which in
aggregate provide both the amino acid composition and sequence for each peptide
detected. After data acquisition, the experimentally obtained spectra are compared to
or “searched,” using standard search algorithms [e.g., Mascot (Perkins et al. 1999),
SEQUEST (Eng, McCormack et al. 1994), ProLuCid (Xu et al. 2015) or Percolator
(The et al. 2016)] against an in silico generated database of MS/MS spectra, origi-
nating from the sequences of all known proteins from the organism of interest.

Fig. 3 isoTOP-ABPP to identify hyperreactive cysteine residues. Samples are labeled by
cysteine-reactive probes at the indicated concentrations, conjugated to isotopically differentiated
TEV-tags by click chemistry, enriched, digested, and analyzed by LC-MS/MS
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During this search, any known modifications are included, for example, the TEV-tag
amino acid adduct, cysteine carbamidomethylation, or methionine oxidation. These
modifications can be searched as either dynamic (either present or absent) or static
(always present in the sample) modifications. For isoTOP-ABPP, the samples are
searched with both a static (always present in the sample) modification for car-
bamidomethylation of all cysteine thiols as well as a dynamic (either present or
absent) modification for the iodoacetamide alkyne-TEV modification of a subset of
reactive cysteine thiols. After search and statistical filtering, the samples are quan-
tified by comparing the integrated areas of the MS1 chromatographic peaks for the
light- and heavy-labeled samples. For isoTOP-ABPP, MS1-based quantification is
advantageous because it is highly quantitative and requires a limited number of
fragmented peptide spectra, which reduces scan time and increases coverage. The
resulting ratios or R values correspond to the difference in relative peak areas with an
R value � 1, corresponding to a light/heavy peak pairs with similar areas and a
maximal R value = 10, corresponding to a tenfold difference in labeling between
light and heavy samples. Hyperreactive cysteines, as identified by isoTOP-ABPP,
have L/H peak ratios close to 1, whereas unreactive cysteines have ratios close to 10.
IsoTOP-ABPP reactivity profiling demonstrates key features of all thiol reactivity
proteomic profiling platforms, which include a chemical probe that selectively labels
thiols, bioorthogonal chemistry to capture labeled peptides, an isotopic label to
distinguish between samples, and a biotinylated, cleavable linker for selective
enrichment and release of labeled peptides, identifying thousands of cysteines and
hundreds of hyperreactive cysteines in single proteomic experiments.

2.5 Modifications and Improvements to Reactivity Profiling

Modified protocols and new probes (see Fig. 2a for representative probes) for
sample labeling, enrichment, elution, and quantification have addressed some of the
shortcomings of isoTOP-ABPP. The reactivity of cysteines with 2-haloacetic acids
has been known since 1933 (Dickens 1933) and, to date, most cysteine reactivity
profiling studies have employed haloacetamide-based chemical probes, particularly
chloroacetamide and iodoacetamide probes, which react with cysteines via nucle-
ophilic substitution. Numerous cysteines across many different protein classes have
been shown to react with chloroacetamide (Barglow and Cravatt 2006; Weerapana
et al. 2008; Couvertier and Weerapana 2014; Backus et al. 2016). Iodoacetamide,
which is significantly more reactive than chloroacetamide, is still remarkably
selective for cysteines with only some off-target reactivity towards lysine residues at
high millimolar concentrations (Nielsen et al. 2008). Although the iodoacetamide-
alkyne probe used to identify hyperreactive cysteines is broadly reactive and labels
most cysteines efficiently, the cytotoxicity of the IA group precludes live-cell
labeling. Photocaged probes, including bromomethyl ketone (CBK) (Abo and
Weerapana 2015) and iodomethylketone probes (e.g., CIK4) (Abo et al. 2017),
which show minimal cytotoxicity, enable cell cysteine profiling and spatial and
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temporal control over electrophile activation. These probes are particularly suited to
the identification of transient modifications that may be sensitive to cellular lysis. In
addition to a-halides, many other classes of cysteine-reactive electrophiles have
been developed. An unsaturated ketone (UK) probe (Weerapana et al. 2008)
exhibited cysteine-selective labeling, but has not to date been used for reactivity
profiling. Shannon and colleagues have developed halo-triazines (Shannon et al.
2014) as reagents that allow for modular probe synthesis and selective cysteine
labeling. Adibekian and colleagues have demonstrated that hypervalent iodine
ethynyl benziodoxolone (EBX) (Frei et al. 2014) are highly selectively for cysteines
(97% vs. 91% for IAA) and exhibit increased reactivity when compared with IAA
(Abegg et al. 2015). Fluorescent probes, including iodoacetamide rhodamine
(IA-Rho) have been developed for in-gel visualization (Fig. 2) and fluorescence
polarization screening (Fluopol), discussed below.

New cleavable linkers (Fig. 4) have been synthesized to improve the selective
release of labeled peptides. While TEV protease cleavage is versatile and effective,
it requires long cleavage times and can lead to contamination of samples by pep-
tides derived from TEV protease autoproteolysis. Also, given that the TEV protease
recognition motif (Carrington and Dougherty 1988) [ENLYFQ(G/S)] contains both
phenylalanine and a glutamate residues, TEV-tags are incompatible with many
sequence-specific proteases, including the endoproteinase Glu-C and chymotrypsin
that could enable the identification of additional labeled peptides. Comparable to
TEV-tags, isotopically differentiated, dithionite cleavable, azobenzene tags enable
reactivity profiling of cysteine residues (Qian et al. 2013) and, given their

Fig. 4 a–g Cleavable linkers for site of labeling mass spectrometry
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non-peptidic structure, should prove compatible with all common proteases. Several
other alternative chemically cleavable linkers have been developed, including
o-nitrobenzyl (cleaved with 365 nm UV light) (Olejnik et al. 1995; Zhou et al.
2002; Wang et al. 2010), a 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde,
cleaved with hydrazine) (Yang and Verhelst 2013), a vicinal diol (cleaved with
periodate) (Maurer et al. 2013; Yang and Verhelst 2013), disulfide (cleaved with
DTT) (Gartner et al. 2007), and silyl (cleaved with low pH or fluoride) (Szychowski
et al. 2010; Gao et al. 2018).

Two alternative approaches to cysteine profiling that do not require isotopically
differentiated enrichment tags have also recently been reported. First, instead of the
isotopically differentiated TEV-tags, isotopically labeled (heavy- and light-)
iodoacetamide-alkyne probes have been synthesized and applied to profile cysteine
residues (Abo et al. 2017). These probes feature a benzyl moiety that has either 12C-
(light) or 13C- (heavy) isotopes (Fig. 2a), which build upon and provide a much
more affordable alternative to ICAT reagents (Gygi et al. 1999). Isotopically dif-
ferentiated iodoacetamide probes also support quantitative profiling of reversible
cysteine PTMS, which will be discussed in more detail in the next section.
Multiplexed thiol reactivity profiling (MTRP), which combines thiol labeling and
“isobaric tags for relative and absolute quantization” (iTRAQ) (Ross et al. 2004;
Pierce et al. 2008), also circumvents the need for isotopically labeled enrichment
tags, through the use of isobaric chemical reporters. MTRP offers the added
advantage of high-throughput quantification and comparison of up to eight samples
in parallel (Tian et al. 2017), dramatically improving sample throughput and accu-
racy of quantification. Similar to ITRAQ reagents, tandem mass tags
(TMT) (Thompson et al. 2003; Dayon et al. 2008) could also be used in this format
and cysteine reactivity profiling should also be compatible with other isotopic
labeling strategies, including stable isotope labeling by amino acids in cell culture
(SILAC) (Ong and Mann 2007) and dimethyl labeling (DML) (Hsu et al. 2003).

Recent advances in proteomics sample acquisition, particularly Data
Independent Acquisition (DIA), including SWATH-MS (Gillet et al. 2012; Rost
et al. 2014)—where, in an unbiased manner, all peptides within defined
mass-to-charge (m/z) windows are sequentially subjected to fragmentation across
the full m/z range of the mass spectrometer—or other implementations such as the
MSE approach (Silva et al. 2006; Li et al. 2009; Levin and Bahn 2010), offer the
future promise of improved coverage for reactivity profiling experiments. DIA is
especially useful for the quantification of low-abundance species, as it is not biased
by peptide abundance and does not require predetermined peptide species for
identification. However, because multiple peptides are fragmented together in DIA,
the resulting MS/MS spectra are complex, and require specialized software for
interpretation (Li et al. 2009; Doerr 2014; Röst et al. 2014). As such, methods that
combine Data Dependent Analysis (DDA) with DIA may allow for both improved
coverage and more straightforward analysis (Geromanos et al. 2009). If applied to
cysteine reactivity profiling, a combination of DIA and DDA acquisition would
improve coverage and quantification of low-abundance labeled residues. For a
detailed review of recent advances and applications of quantitative proteomics, refer
to (Bantscheff et al. 2012; Uzozie and Aebersold 2018).
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2.6 General Applications of Reactive Cysteine Profiling

IsoTOP-ABPP-based cysteine reactivity profiling identified hundreds of reactive
thiols shared across multiple cancer cell lines and demonstrated that hyperreactive
cysteines are highly enriched in functional sites (Weerapana, Wang et al. 2010).
Included among the many reactive and residues uncovered by Weerapana and
coworkers, was a cysteine (Cys161 in FAM96B) essential for iron–sulfur cluster
biogenesis and a cysteine (Cys109) in the protein arginine methyl transferase
PRMT1 that, when labeled, blocks methyl transferase activity (Weerapana et al.
2010). Cysteine reactivity profiling has uncovered mediators of longevity in
C. elegans (Martell et al. 2016) and enabled the discovery of reactive residues in
subcellular fractions, including the mitochondria (Bak and Weerapana 2015),
suggesting that, given the differences in subcellular pH of the different cellular
compartments (Llopis et al. 1998), a more comprehensive survey of compart-
mentalized thiol reactivity would uncover additional functional residues.

With the advent of large datasets of highly reactive cysteines, there has been a
recent interest in developing methods to computationally predict cysteine reactivity
and to design reactive cysteines in silico. Machine learning has been applied to
accurately predict thiol reactivity on a sequence basis (Wang et al. 2018). Reactive
cysteines have also been computationally designed (Weerapana et al. 2010) and
engineered into proteins and used to generate site-specifically labeled antibody-drug
conjugates (Jeffrey et al. 2013; Sussman et al. 2018). Reactive cysteines have also
been used as a handle to chemically incorporate the nonnatural amino dehy-
droalanine, which enables site-specific incorporation of diverse nucleophiles into
proteins (Chalker et al. 2011, 2012).

Competitive isoTOP-ABPP, a modified version of reactivity profiling has
identified posttranslationally modified cysteines (Wang et al. 2014; Briggs et al.
2016; Bar-Peled et al. 2017), cysteines susceptible to chemical probes (Backus et al.
2016), drug vulnerabilities in cancer (Bar-Peled et al. 2017), the targets of natural
products (Guo et al. 2017), and FDA-approved drugs (Blewett et al. 2016), which
will be discussed in the following sections. Overall, cysteine reactivity profiling is a
powerful and unbiased approach to identify functional cysteines.

3 Identification of Redox-Sensitive Cysteines

The properties that make thiols excellent modulators of biological process, namely
their intrinsic nucleophilicity and pKa close to neutral pH, also leave them sus-
ceptible to oxidative damage, including oxidation by reactive oxygen (ROS) or
nitrogen species (RNS) and labeling by endogenous and exogenous electrophiles
(Giles and Jacob 2002; Paulsen and Carroll 2013). Cysteine oxidative
posttranslational modifications (Cys Ox-PTMs) include sulfhydration (SSH),
S-glutathionylation (SSG), disulfide bonds (RS-SR) (Cumming et al. 2004),
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S-nitrosylation (also called S-nitrosation, SNO) (Hess et al. 2005), sulfenylation
(SOH), sulfinic acid (SO2H), and sulfonic acid (SO3H) (Klatt and Lamas 2000; Paul
and Snyder 2015) (Eaton 2006; Poole and Nelson 2008; Lo Conte and Carroll 2013;
Paulsen and Carroll 2013). As is shown in Fig. 5, most Cys Ox-PTMs are induced
by reactive nitrogen or oxygen species and these modifications are usually dynamic
and reversible by intracellular reducing agents, such as glutathione. Cys Ox-PTMs
have been implicated in many cancers (Sajadimajd and Khazaei 2017), inflammation
(Hoffman et al. 2015), stroke (Andersson et al. 2000; Maron et al. 2013) as well as
neurodegenerative diseases (Canet-Aviles et al. 2004; Chung 2006; Blackinton et al.
2009; Fox et al. 2011).

Detection and quantification of Cys OX-PTMs have been limited by the dynamic
and reversible nature of these modifications and a lack of chemical probes to
directly label modified cysteines. Recently, both indirect and direct labeling
strategies have identified Cys OX-PTMs. Indirect methods fall into two broad
categories (1) those that rely on a restoration of labeling by treatment with reducing
agents such as dithiothreitol (DTT) (Fig. 6a) or (2) those that detect a loss of
reactivity with thiol-modifying agents (Fig. 6b). Direct methods rely on
PTM-specific antibodies or tailored chemical probes (Fig. 7) that will react directly
modified cysteines. Indirect methods are typically restricted to profiling in lysates or
purified proteins whereas direct chemical probe-based methods are compatible
within cell profiling. For general reviews of detection of Cys OX-PTMs, refer to
(Paulsen and Carroll 2013; Duan et al. 2017). An overview of key methods as they
relate to cysteine reactivity is provided below.

Fig. 5 Reversible and irreversible Cys OX-PTMs. Reactive oxygen and reactive nitrogen
stressors (ROS and RNS)
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Fig. 6 Proteomic methods to identifying Cys OX-PTMS. a In reduction-based methods, such as
the biotin switch, all free cysteines are first alkylated and then modified cysteines selectively
reduced and labeled with chemical probes and identified by LC-MS/MS. b IsoTOP-ABPP to
identify the sites of reactive oxygen and reactive nitrogen stressors (ROS and RNS) modifications.
Samples are subjected to stressor “1” or control “2” and then are labeled with cysteine-reactive
probe. ROS/RNS modifications block probe labeling and this blockade of probe labeling and
percentage modification can be quantified by isoTOP-ABPP

Fig. 7 Chemical probes to detect a S-sulfenylation (sulfenic acid), b S-nitrosylation (nitrosothiol)
and c S-sulfinylation (sulfinic acid)
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3.1 Indirect Cys OX-PTM Detection

Indirect, reduction-based methods (see Fig. 6a for a general workflow) identify all
reversibly modified cysteines, including those that are partial or low-occupancy
labeling events. Biotin Switch is one such method. In a Biotin Switch experiment,
free cysteines are blocked by N-ethylmaleimide (NEM), methyl methanothiosul-
fonate (MMTS), or iodoacetamide, and then modified thiols are selectively reduced
and simultaneously labeled with a reversible thiol-reactive N-[6-(biotinamido)
hexyl]-3′-(2′-pyridyldithio)propionamide (biotin-HPDP). The biotinylated proteins
can be visualized by western blot and cysteines detected by LC-MS/MS analysis
after enrichment, tryptic digest, and elution of labeled peptides from the resin.
Several modifications have since been made to the Biotin Switch method, including
SNOSID (Hao et al. 2006) and SNO-RAC (Forrester et al. 2009). However, all
suffer from the same limitations, including that, unless combined with SILAC or
ITRAQ labeling, Biotin Switch and variants rely on spectral counting for quan-
tification and provide only an indirect readout of the specific type of modification.

To quantify cysteine oxidation on the MS1 chromatographic peak level, the
OxICAT method was developed by Leichert et al. (2008) and based on the original
ICAT method pioneered by Gygi et al. (1999). OxICAT employs sequential
labeling with isotopically differentiated ICAT probes. The proteome samples are
labeled with a light ICAT reagent under denaturing conditions to cap all free
cysteines. Then, the samples are subject to a strong reducing agent, such as tris
(2-carboxyethyl)-phosphine hydrochloride (TCEP) and the newly reduced cysteines
labeled with the heavy ICAT reagent. ICAT reagents can also be used for pairwise
comparisons in a manner similar to the Biotin Switch assay, where free cysteines
are first blocked and then oxidized cysteines reduced and labeled with ICAT probes
(Garcia-Santamarina et al. 2014). Abo and colleagues recently reported a similar
method, which employs less costly 13C-isotopically differentiated iodoacetamide
alkyne reagents (Abo et al. 2017). Reduction-based methods identify modified
peptides, including low-occupancy labeling events (e.g., thiols that are only par-
tially modified). However, irreversible modifications, such as sulfinic and sulfonic
acids, will not be detected.

Indirect, loss of reactivity methods, including ICAT and isoTOP-ABPP, have
been used to identify high-occupancy Cys OX-PTMs, including irreversible PTMs.
In ICAT, oxidatively stressed samples are labeled with heavy-ICAT probes and
control samples are labeled with light-ICAT reagents and then the relative probe
labeling is compared by LC-MS/MS. Using ICAT probes, Sethuraman and
coworkers found that cysteines with OX-PTMs were resistant to labeling by the
ICAT probes and that the fractional occupancy of the OX-PTM could be deter-
mined by comparing the relative peak intensities for labeled peptides derived from
the heavy- and light-labeled samples, respectively (Sethuraman et al. 2004a, b).
ICAT identified cysteines in VDAC and GAPDH that were sensitive to hydrogen
peroxide (Sethuraman et al. 2004a, b). In a similar manner, isoTOP-ABPP can also
be used to identify Cys OX-PTM sites (Fig. 6b). In these experiments, samples with
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and without the Cys OX-PTMs are labeled in parallel with iodoacetamide alkyne,
conjugated to isotopically differentiated TEV-tags, combined pairwise, and ana-
lyzed by LC-MS/MS. Cys OX-PTMs are identified by the decrease in MS1 chro-
matographic peak signal for peptides containing a modified residue, when
compared to the control sample. This approach, termed competitive isoTOP-ABPP,
identified cysteines sensitive to oxidative stress in cancers, including cysteines in
the nuclear hormone receptor NR0B and in the prolyl hydroxylase EGLN1 (Briggs
et al. 2016; Bar-Peled et al. 2017). One obvious limitation of loss of reactivity
methods is that they will not identify low-level labeling sites, and as most sites of
cysteine modification are only partially labeled (Sethuraman et al. 2004a, b), most
Cys OX-PTMs will not be captured by these methods.

3.2 Chemical Probes to Directly Detect Cys OX-PTMs

For the direct detection of PTMs, both antibodies and chemical probes have been
employed. Antibodies have been developed that detect protein S-glutathionylation
(Prinarakis et al. 2008; Chen et al. 2010), sulfonation (Persson et al. 2004), and
nitrosylation (Sun et al. 2001; Matsushita et al. 2003). As antibodies are not
compatible with in cell experiments, frequently fail to capture unstable modifica-
tions, and exhibit biased detection and enrichment of a subset of proteins,
antibody-based Cys OX-PTM profiling methods have largely been supplanted with
chemical probes (Fig. 7). First shown to react with nucleophiles in 1974 (Benitez
and Allison 1974), protein sulfenic acids have been labeled by a variety of
nucleophiles, particularly 1,3-diketones such as dimedone (Paulsen and Carroll
2013). In contrast with other nucleophiles, dimedone-based probes selectively react
with sulfenylated cysteines (Paulsen et al. 2011; Yang et al. 2015; Gupta and
Carroll 2016) and have been applied to broadly profile S-sulfenylation.
Dimedone-based covalent fragments have also been demonstrated to selectively
inhibit proteins containing suitable sulfenylation sites. Gupta et al. reported cova-
lent ligands for >1280 S-sulfenylated cysteines (Gupta et al. 2017). Sulfenylation of
a conserved non-catalytic cysteine, C797 in EGFR during EGF stimulation, has
been found to enhance EGFR kinase activity (Paulsen et al. 2011) and chronic
oxidative stress-mediated sulfenylation of EGFR has been shown to render a
subpopulation of cancer cells resistant to the FDA-approved drug afatinib (Truong
et al. 2016). It is attractive to speculate that combination chemotherapy, including
both afatinib and nucleophilic inhibitors targeting 797Cys-SOH would enable the
treatment of refractory cancers.

In addition to dimedone, many other nucleophiles and electrophiles directly label
Cys OX-PTMs (Fig. 7). Protein sulfenic acids also react with electrophiles,
including 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) (Ellis and Poole
1997), boronic acids, and benzoxaborole (Liu and Benkovic 2013). Trans-
cyclooctene and cyclooctyne probes have also been recently applied to trap sulfenic
acids through a cycloaddition to produce a stable sulfoxide adduct (Poole et al. 2014).
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Alcock and colleagues found that norborene probes trap sulfenic acids as stable
norborane sulfoxides (Alcock et al. 2018). S-sulfinylation has also proven
amendable to probe-based labeling, with aryl-nitroso compounds demonstrating
rapid and selective labeling of sulfinylated cysteines in the thiol peroxidase GPX3
(Lo Conte et al. 2015). Majmudar and colleagues demonstrated that sulfinate-linked
probes enrich S-nitrosated proteins and nitrosothiol probes enrich S-sulfinated
proteins (Majmudar et al. 2016). Maleimide probes at low pH have also been shown
to react with sulfinated thiols (Kuo et al. 2017). S-nitrosylated residues also reacted
with triaryl phosphine reagents to form stable S-alkylphosphonium adducts (Wang
and Xian 2008; Bechtold et al. 2010). In addition to detecting protein PTMs,
tailored probes can also detect small-molecule thiols. Of particular note are the
probes for hydrogen sulfide (H2S) (Lin et al. 2013; Lippert 2014; Lin et al. 2015a,
b) and caged hydrogen sulfide sources (Cerda et al. 2017; Steiger et al. 2017; Zhao
et al. 2017a, b), which provide a versatile set of tools to elucidate H2S’s production,
trafficking, and contributions to cell signaling.

With the advent of dimedone-based probes as well as Biotin Switch type
enrichment strategies, great advances have been made in identifying and charac-
terizing cysteine posttranslational modifications. As with many PTMs, determina-
tion of the fractional occupancy of labeling for most thiol modifications,
particularly those low-occupancy and unstable modifications, has been difficult.
Quantitative proteomics methods, such as isoTOP-ABPP (Weerapana et al. 2010),
have proven useful for the identification of high-occupancy labeling sites. However,
determining the percentage labeling for lower occupancy sites has remained chal-
lenging. To date, the vast majority of identified cysteine PTMs remain functionally
uncharacterized. As such, the development of new methods to characterize the
contributions of PTMs to protein function would find utility in the identification of
new protein regulatory sites.

4 Covalent Inhibitor Discovery at Cysteine Residues

4.1 Strengths and Weaknesses of Covalent Compounds

Covalent compounds, both in general, and specifically those that are
cysteine-reactive, offer many desirable attributes for probe and drug development
(Johnson et al. 2010). For long-half-life protein targets, covalent compounds can
achieve long residence time with less frequent dosing, as the pharmacodynamic
effect will outlast the pharmacokinetics of the inhibitor. Covalent compounds are
often extremely potent, frequently engaging targets with subnanomolar binding
strength (Smith et al. 2009) and can target tough-to-drug or shallow pockets, as
exemplified by the compounds that target KRAS (Ostrem et al. 2013; Patricelli
et al. 2016; Janes et al. 2018). The ligand efficiency (defined as the average binding
energy per non-hydrogen atom) of covalent compounds can far exceed their
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non-covalent counterparts), allowing low molecular covalent compounds to achieve
high target affinity. Given their nonequilibrium binding kinetics, irreversible
molecules can compete efficiently against endogenous substrates, particularly those
substrates that are found at high concentrations in living systems (e.g., ATP for
kinases) or when the mechanism of inhibition leads to a large buildup of substrate
(Swinney 2009; Tonge 2018). Covalent compounds are also particularly useful
when complete and sustained target engagement is required, exemplified by the
covalent kinase inhibitors, which achieve a sustained and durable target inhibition
until protein resynthesis occurs. However, this sustained occupancy can be a lia-
bility for targets where partial engagement is favored, for some receptors and ion
channels, where partial agonism/antagonism or short residence time is preferred
(Lipton 2006).

Limitations of covalent compounds include potential toxicity due to irreversible
modification of off-target nucleophiles and possible immunogenicity of the corre-
sponding protein adducts (Lavergne et al. 2008; Uetrecht 2009). Most of the safety
concerns surrounding covalent compounds stem from idiosyncratic adverse drug
reactions (ADRs) caused by compounds known to form reactive metabolites cap-
able of modifying proteins (Evans et al. 2004). Chemical biology methods, par-
ticularly the synthesis and application of alkyne-containing chemical probes or
“click probes”, have provided a deeper understanding of the behavior of drugs and
drug-like molecules and their potential to generate reactive metabolites (Bateman
et al. 2013; Whitby et al. 2017). Profiling of four structurally dissimilar probes for
compounds that generate reactive metabolites (probes for Acetominophen, Tienilic
acid, Troglitazone, and Clozapine) revealed that a unifying theme across all four
compounds was enrichment of proteins containing functional cysteine and
selenocysteine residues (Whitby et al. 2017), suggesting that reactive thiols are
primary sites of labeling for reactive drug metabolites.

To evaluate the potency, selectivity and off-target liabilities of covalent com-
pounds, in principle, any covalent compound can be modified with a “clickable” tag
to generate an activity-based probe for rapid identification of the on- and off-target
(s) of lead compounds in any living system. Exemplifying this probe strategy,
Lanning and colleagues applied alkyne-containing “clickable” variants of estab-
lished covalent kinase inhibitors in conjunction with a chemical proteomics
approach, which identified the protein off-targets of these compounds, both those
that are saturable and high affinity and lower affinity substoichiometric labeling
events (Lanning et al. 2014; Niessen et al. 2017). Notably, despite the safety
concerns surrounding covalent compounds, almost 30% of the clinically approved
drugs that target enzymes act in an irreversible manner (Robertson 2005). This
abundance of clinical compounds corroborates that covalent compounds can be safe
and efficacious, and supports the development of new covalent compounds,
including those that label reactive cysteine residues.
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4.2 Methods to Develop Covalent Compounds

Until recently, most covalent compounds were discovered fortuitously, either from
natural products (Table 1), or as phenotypic screening hits (Bauer 2015). More
recently, structure-guided design, particularly by retrofitting existing non-covalent
inhibitors with electrophiles (e.g., covalent kinase inhibitors), has been routinely
used as a method to develop covalent inhibitors (Cohen et al. 2005; Pan et al. 2007;
Zhang et al. 2009). For example, the covalent kinase inhibitors afatinib and ibru-
tinib were both developed by retrofitting non-covalent kinase inhibitors with
electrophiles (Wissner et al. 2003; Pan et al. 2007). Although retrofitting is useful
for cases where an existing inhibitor is found to bind proximal to a suitable cysteine
residue, this strategy, by definition, requires an optimized inhibitor and thus pre-
cludes the vast majority of proteins for which no small-molecule tool compounds
are available. Some excellent reviews have been written on the recent advances in
covalent kinase inhibitor development (Muller et al. 2015; Zhao and Bourne 2018).
High-throughput screening at reactive cysteine residues (Bachovchin et al. 2009;
Dillon et al. 2012), fragment-based tethered screening (Ostrem et al. 2013), in silico
screening (Krishnan et al. 2014; London et al. 2014), and unbiased proteome-wide
fragment electrophile screening (Backus et al. 2016) also have been successfully
applied to identify cysteine-reactive chemical probes and will be discussed in more
detail in the next sections.

4.2.1 High-Throughput Screening (HTS)

HTS involves screening large (100,000+) compound libraries against a target and is
a relatively unbiased approach that can yield compounds with novel binding modes.
HTS requires no structural information about a target, and thus is useful for
identifying lead compounds for proteins that lack structural information. For a HT
screen at a cysteine residue, a broadly reactive, cysteine-selective chemical probe,
such as tetramethylrhodamine iodoacetamide (IA-Rho) or Alexa Fluor maleimide,
is often employed in a fluorescence polarization (FluoPol) assay (Fig. 8)
(Bachovchin et al. 2009; Lea and Simeonov 2011). Competition or blockade of
probe labeling by a hit compound is indicated by a decrease in the polarization of
polarized, excited light, caused by the rapid tumbling of the fluorescent probe. HTS
screening at cysteine residues identified inhibitors of PAD4 (Knuckley et al. 2010a,
b), PRMT1 (Dillon et al. 2012) and GSTO1 (Bachovchin et al. 2009). Despite its
utility for discovering probes, HTS is inherently challenged by maintenance of
compound libraries, false positives due to compound aggregation, and difficulties in
lead compound discovery and optimization. Most HTS campaigns also require a
biochemical assay and knowledge of target function, making HTS screens less
suitable for uncharacterized proteins.
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4.2.2 Covalent Fragment-Based Ligand Discovery

In contrast with HTS, fragment-based ligand discovery (FBLD) (Shuker et al. 1996)
screens a small (*1000 member) library of relatively simple compounds against a
target of interest with the aim of identifying weakly potent fragment hits. Fragment
electrophile libraries are comprised of compounds that conform to the “rule of
three”, which recommends a molecular weight <300, number of H-bond acceptors
and donors � 3, rotatable bonds � 3, cLogP � 3, and the polar surface area
to � 60 Å2 (Congreve et al. 2003; Jhoti et al. 2013). The low molecular weight of
the starting fragment allows for rapid hit to lead (H2L) elaboration into probe/
drug-like compounds, avoiding issues with chemical integrity that often trouble
HTS campaigns (Foloppe 2011). Although most fragment-based screens to date
have focused on non-covalent compounds, new screening methods have been
developed to conduct covalent FBLD. Disulfide-based reactions, such as
disulfide-trapping, or tethering, have found utility in covalent fragment-based
screening applications (Erlanson et al. 2000a, b; Sadowsky et al. 2011), including
the discovery of small-molecule probes that label G12C KRAS and allosterically
modulate GTP affinity (Ostrem et al. 2013). In tethering (Fig. 9), a reactive
cysteine-containing protein is allowed to interact simultaneously with a library of
disulfide-containing fragments and the most stable compound–protein interactions
are detected by mass spectrometry. Lead fragments are then elaborated and the
disulfide is typically replaced with other electrophilic moieties. Limitations of
tethering include a lack of commercially available disulfide libraries and difficulties
replacing the screening disulfide with other electrophiles, while maintaining reac-
tivity with the target protein. Cardoso, Nonoo, and colleagues found that covalent
tethering (Cardoso et al. 2012; Nonoo et al. 2012), where libraries of electrophilic
compounds are screened in a tethered format, circumvented some of these limita-
tions and enabled the discovery of lead compounds for the cysteine protease papain
and the HECT E3 ligase Nedd4-1 (Kathman and Statsyuk 2016). As with most
FBLD, tethering still requires purified protein and is therefore difficult to apply
broadly across the proteome.

Fig. 8 Fluorescence polarization (FluoPol) high-throughput screening (HTS) at reactive cysteine
residues
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Competitive isoTOP-ABPP has been developed to screen covalent fragments in
whole proteomes to broadly identify proteins that contain ligandable cysteine
residues and corresponding chemical probes for those residues (Backus et al. 2016).
Conceptually, covalent fragment screening via isoTOP-ABPP (Fig. 10) operates in
an analogous manner to the competitive profiling of redox modified cysteine
residues (Fig. 6b). Cells or lysates are treated with compounds or DMSO and then
labeled with a broadly reactive, iodoacetamide alkyne probe (IAA). Competition or
blockade of probe labeling by pretreatment with compound indicates a saturable
ligand binding event, just as competition of probe labeling indicated a cysteine
PTM. When competitive isoTOP-ABPP was used to screen a 50+ member
cysteine-reactive fragment library against human cancer cells, over 700 cys-ligand
interactions were identified, most of which were found in proteins that did not
previously have chemical probes (Backus et al. 2016). Among these were novel
ligands for many “undruggable” proteins, including proteins involved in tumor
metabolism, signaling and epigenetic remodeling. Exemplifying this platform’s
capacity to discover ligands for tough-to-drug proteins, isoTOP-ABPP identified
compounds that selectively target the pro- (inactive) forms of caspase-8 and -10.
Competitive isoTOP-ABPP broadly enables the identification of new ligandable
cysteine residues in cells or lysates, assaying the potency and selectivity of com-
pounds across thousands of cysteines in parallel. IsoTOP-ABPP requires no protein
purification and can assay proteins of unknown function, thus identifying tool
compounds early in the discovery process. However, as with other screening
methods, optimization of lead compounds identified by isoTOP-ABPP is chal-
lenging, particularly for those proteins that lack structural information.

Competitive isoTOP-ABPP has also uncovered new proteins labeled by many
other electrophilic compounds, including natural products, herbicides, and clini-
cally approved drugs. Blewett and colleagues used isoTOP-ABPP to identify

Fig. 9 Covalent Tethering. Libraries of disulfide-containing fragments are incubated with a target
protein in the presence of a reducing agent, such as 2-mercaptoethanol. If a library member shows
an affinity for the target, the mass action equilibrium will shift towards modified protein, which can
be detected by mass spectrometry. Inset shows structure of library members with variable binding
groups derived from carboxylic acids (black sphere) coupled to a flexible disulfide linker
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cysteines labeled by dimethyl fumarate (DMF) or Tecfidera, a clinically approved
therapeutic for the treatment of multiple sclerosis (MS) and found that DMF labeled
cysteines in a non-catalytic domain of the kinase PKCh and that this labeling may
contribute to DMF’s mechanism of action (Blewett et al. 2016). Competitive
isoTOP-ABPP also successfully identified an acrylamide probe for Cys1101 in reticulon
4 (RTN4) (Bateman, Nguyen et al. 2017) and a covalent ligand for the ubiquitin-like
modifier activating enzyme (UBA5) (Roberts et al. 2017a, b). Numerous other appli-
cations of competitive isoTOP-ABPP include screening chloroacetamide-containing
quinazolines (Chen et al. 2017) and natural products withaferin A (Grossman et al. 2017)
and licochalcone A (Roberts et al. 2017a, b). In addition to identifying the site(s) labeled
by electrophilic compounds, competitive isoTOP-ABPP can also report proteinacious
metal binding sites, particularly zinc-binding thiols (Pace andWeerapana 2014a, b), sites
modified by lipid-derived electrophiles, particularly 4-hydroxy-2-nonenal (HNE) and
prostaglandin J2 (PGJ2) (Wang et al. 2014) and the identification of putative off-targets of
commonly used herbicides glyphosate (Ford et al. 2017) and acetochor (Counihan et al.
2017). Considerations for all isoTOP-ABPP studies include whether matched inactive
control compounds were employed to control for off-target effects of compounds,
whether functional studies included cysteine mutated control proteins (e.g., cys to ala or
cys to ser), and whether competition studies were used to determine the fractional
occupancy of compound labeling. For most proteins, gel-based ABPP (Fig. 3b) can be
used to further assay the potency and selectivity of lead compounds identified by
competitive isoTOP-ABPP.

4.3 Compound Optimization

The main determinants of the potency and selectivity of cysteine-reactive small
molecules are: (1) the non-covalent interactions between the compound and the
protein (binding mode, kinetics, residence time) that generate a non-covalent
complex (E * I), positioning the electrophile proximal to the nucleophilic thiol,
(2) the relative reactivity and nature of the electrophile, (3) the nucleophilicity of the

Fig. 10 Competitive isoTOP-ABPP to identify proteins labeled by fragment electrophiles. Cells
or lysates are labeled by (1) electrophilic compounds or (2) vehicle, followed by cysteine-reactive
probe iodoacetamide alkyne and evaluation by isoTOP-ABPP
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cysteine thiol, and (4) the positioning of the electrophile proximal to the nucle-
ophile, which together result in bond formation (K2) to produce a covalent complex
(E-I), and, for a, b unsaturated electrophiles, (5) the presence of catalytic acidic
residues nearby (see Fig. 9 for non-covalent and covalent interactions during
disulfide tethering). Covalent compounds can be independently optimized by
modifying both the pharmacophore’s electrophile and binding elements. As dif-
ferent cysteines tend to exhibit preferences for specific electrophiles (Backus et al.
2016), it is often not straightforward to tune the compound electrophilicity by
replacing the initial electrophile with a more attenuated one. Many different
cysteine-reactive electrophiles have been developed to address the associated
challenges with electrophile optimization. Typically, binding elements are identi-
fied and optimized through screening, including in silico screens, and medicinal
chemistry efforts, for example, elaborating or connecting lead fragments.

4.3.1 Library Design

Binding element optimization has benefited from the design and synthesis of
high-quality libraries of electrophilic compounds, including fragment electrophile
libraries, DNA-encoded libraries, and the solid-phase synthesis of combinatorial
libraries. One focus across all of these libraries has been to increase library shape
diversity by including more SP3-rich structures to complement the large numbers of
flat aromatic compounds that make up many compound libraries. Several
solid-phase methods for library synthesis have been developed. Halo-triazines
(Banerjee et al. 2013; Shannon et al. 2014) and 4-amino-piperidine scaffolds
(Couvertier and Weerapana 2014) allow for modular synthesis. Pels and colleagues
reported that the cysteine-reactive, covalent reversible cyanoacrylamide-based
compound libraries can be synthesized on resin in two high-yield steps, with
minimal off-targets (Pels et al. 2018). DNA-encoded libraries identified covalent
JNK-1 inhibitors (Zimmermann et al. 2017) and covalent bromodomain binders
(Daguer et al. 2015; Chan et al. 2017). Focused electrophile libraries yielded a
potent, selective agonist of TRP1A (Takaya et al. 2015), a transient receptor cation
channel. High-quality, focused covalent fragment libraries have identified lead
compounds for caspase-8, NR0B1 and HIF-1a (Cardoso et al. 2012; Backus et al.
2016; Bar-Peled et al. 2017), among many others.

Covalent docking methods have recently been put forth as an attractive means to
optimize lead molecules, enabling the in silico screening of large libraries of
chemical probes. Several software packages, including CovalentDock (Ouyang
et al. 2013), Gold (Verdonk et al. 2003), CovDoc (Zhu et al. 2014), and Autodock
(Bianco et al. 2016), support covalent docking. Of particular note, London et al.
adapted Dock3.6 to screen a 650,000+ compound library for inhibitors of Janus
Kinase 3 (JAK3) (London et al. 2014). Typically, in an in silico screen, compounds
are tethered via the cysteine of interest to the protein and then the interactions with
the surrounding residues are quantified. Although useful for ligand optimization,
tethered docking approaches do not account for any non-covalent, pre-alkylation
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binding poses that contribute to the thiol labeling and typically hold the protein
static, and so fail to assay how the dynamics of neighboring residues contribute to
binding and reactivity. These docking methods also suffer from many of the same
inherent weaknesses of non-covalent docking, namely a lack of accuracy and poor
binding scores, a lack of protein flexibility, and a lack of automation.

4.3.2 Electrophiles

Choice of electrophile is a critical step in the optimization of potent, selective
covalent probes (see Fig. 11 for a summary of electrophiles). Although some
electrophiles, including b-unsubstituted vinyl sulfonamides, vinyl sulfones, many
a-haloacetamides, and maleimides are broadly reactive with proteinacious cysteines
and glutathione, many electrophiles, including most acrylamides, particularly
acrylamides, and vinyl sulfonamides that feature b-substituted acetylenes, as well as
2-chloropropionates react very slowly in the absence of templating by a protein
binding site (Ward et al. 2013; Flanagan et al. 2014). Despite their reactivity,
a-haloacetamides have been featured widely in cysteine-reactive inhibitors,
including inhibitors of nitrilases (Mittag et al. 2016), protein disulfide isomerases
(PDIs) (Hoffstrom et al. 2010), glutaredoxin (GRX1) (Gorelenkova Miller et al.
2017), and glutathione S-transferase omega 1 (GSTO1) (Couvertier and Weerapana
2014). Most clinical candidates and clinically approved cysteine-reactive com-
pounds (Carmi et al. 2012; Liu et al. 2013) to date have featured acrylamide
warheads, which, given their attenuated proteome-wide reactivity (Backus et al.

Fig. 11 Chemical structures of selected cysteine-reactive electrophiles
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2016) and ease of incorporation, are attractive from a probe development per-
spective. Dimethylamino-(DMAM) substituted acrylamides are featured in many
cysteine-reactive compounds, including afatinib, and have been found in some
cases to increase the overall compound reactivity when compared to
non-DMAM-containing compounds, either due to increased solubility or by serving
as an intramolecular catalytic base (Carmi et al. 2011; Lanning et al. 2014).

Covalent reversible electrophiles have been proposed as a means to reduce the
off-target activity and haptogenicity of electrophilic compounds. The cyanoacry-
lamide electrophile is one example of a covalent reversible scaffold, with
b-elimination yielding the starting electrophile (Miller et al. 2013; Krishnan et al.
2014; Bradshaw et al. 2015). Such reversible electrophiles are attractive given that
they should mitigate some of the liabilities of covalent compounds. Basu and
colleagues demonstrated that cyanoacrylamide afatinib analogues can inhibit EGFR
in a covalent reversible manner (Basu et al. 2015). One of the challenges associated
with cyanoacrylamide-containing compounds is their short half-life in cells.
Substitution of the acrylamide group with bulky amines has been found to dra-
matically improve the half-life of cyanoacrylamides (Bradshaw et al. 2015). The
determination of sites of labeling of reversible cyanoacrylamide products can also
be challenging. Pels et al. found that cyanoacrylamide cysteine adducts are stable at
low pH (Pels et al. 2018) and Backus et al. found that isoTOP-ABPP could identify
the sites of labeling for cyanoacrylamides fragments (Backus et al. 2016).
Kinetically controlled electrophiles have been developed as another means to
reduce off-target affects. Dimethylfumarate was shown to hydrolyze rapidly in
plasma and Zaro and colleagues leveraged this rapid hydrolysis to create kinetically
controlled fumarate-based analogues of ibrutinib (Zaro et al. 2016), designed to
reduce nonspecific background reactivity that plagues many covalent inhibitors.
These compounds rapidly engaged BTK in cells, and subsequent hydrolysis of the
fumarate ester to the unreactive free acid blocked time-dependent accumulation of
background probe labeling.

In addition to cyanoacrylamides and fumarates, the development of other new
cysteine-reactive electrophiles has been another area of considerable interest. Aryl
halides, particularly chloro and fluoronitrobenzenes, were found to react selectively
with proteinacious thiols, whereas dichlorotriazines labeled lysines preferentially
(Shannon et al. 2014). Acyloxymethyl ketones (AOMK) have been widely
employed in cysteine protease inhibitors and chemical probes (Pliura et al. 1992;
Thornberry et al. 1994), but have found limited utility beyond protease inhibition
and are plagued by hydrolytic instability. Fluoromethyl ketones have also found
utility as protease inhibitors (Slee et al. 1996). Acrylate (Kathman et al. 2014) and
carbonylacrylates are another class of cysteine-reactive electrophiles that have been
used for site-selective modifications (Bernardim et al. 2016). Chloromethyltriazoles
offer cysteine selectivity and tuneable reactivities (Wang et al. 2016) and have been
incorporated into selective inhibitors of the human DNA repair protein MGMT
(Wang et al. 2016). Terminal alkynes were found to label cysteines in human
deubiquitinases (Ekkebus et al. 2013; Sommer et al. 2013), cytochromes (Wright
et al. 2009), and monoamine oxidases (MAOs) (Krysiak et al. 2012). Epoxides,
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including aziridines, oxiranes, and thiiranes, have also been reported to react with
cysteines (Barrett et al. 1982; Pitscheider et al. 2012). However, epoxides generally
do not show selectivity for cysteine residues, and also react with other nucleophilic
amino acids including histidines (Lowther et al. 1998), lysines (Evans et al. 2007),
glutamates, and aspartates (Withers and Aebersold 1995), and even an N-terminal
threonine of the active site of the 20S proteasome beta-subunit (Lowther et al. 1998).
Fluoro and chloroacetamidine compounds have been shown to irreversibly label a
conserved active site cysteine residue in the protein arginine deiminase 2, 3 and 4
(PAD2, PAD3 and PAD4) (Knuckley et al. 2010a, b; Muth et al. 2017). Nitriles have
also been developed into potent cysteine-reactive inhibitors (Oballa et al. 2007),
including those that selectively label cathepsin K (Gauthier et al. 2008). Biotinylated
bromobenzylphosphonate probes react selectively and irreversibly with the catalytic
cysteine residues of tyrosine phosphatases (PTPs) (Kumar et al. 2004). Asparagusic
acid (AspA) strained disulfide probes have been used as a cysteine-reactive delivery
tag to facilitate cellular uptake (Abegg et al. 2017). Organometallic complexes that
selectively label cysteine residues have been developed, particularly pallado com-
plexes (Vinogradova et al. 2015), enabled site-specific incorporation of fluorophors,
photocrosslinkers, peptides, carbohydrates, PEG, and other biomolecules. These
labeling strategies are particularly attractive for protein engineering and the production
of antibody-drug conjugates (ADCs).

A risk of any covalent screen is that the most electrophilic compound will be
selected as a lead compound rather than the compound with the highest specific
binding affinity for the target. Compound reactivity can be measured by thiol con-
sumption assays (e.g., glutathione or N-acetyl cysteine) (Craven et al. 2018) or by
chemical proteomic methods (Backus et al. 2016). A particularly elegant solution
that has been put forth to this problem of disparate reactivities was to synthesize
electrophile fragment libraries of more uniform electrophilicity. In stark contrast to
other electrophiles, NMR-based reactivity studies revealed that acrylate-based
electrophiles exhibited near uniform reactivity, independent of binding element
(Kathman et al. 2014). Krishnan and colleagues screened a panel of electron with-
drawing groups to optimize the electrophilicity of cyanoacrylamide-based RSK2
inhibitors (Krishnan et al. 2014), demonstrating that covalent reversible electrophile
reactivity is tunable. Despite these advances in electrophile profiling, there still is no
systematic means of tuning the reactivity of a specific electrophile (for example,
reducing the reactivity of a chloroacetamide to improve compound selectivity, while
still maintaining on-target activity). Future work should focus on the systematic
development of a reactivity-optimized suite of electrophiles.

5 Conclusions

Cysteine reactivity profiling has uncovered thousands of “hyperreactive,”
PTM-modified, and ligandable cysteine residues proteome-wide, enabled high-
throughput screening at cysteine residues, and facilitated the development of new
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selective chemical probes and even informed the mechanism of action of clinically
approved drugs. Despite the broad utility of cysteine reactivity profiling, the
approach still has some inherent limitations. One obvious weakness of reactivity
profiling is that, although reactivity and PTMs are widely thought to be good
indicators of functional importance, in many cases establishing the functional roles
of specific cysteine residues remains difficult. Advances in genome engineering, in
particular, CRISPR-Cas9, in part will help assign function through the rapid gen-
eration of site-specific point mutations at cysteine residues. The identification of
acquired cysteine missense mutations linked to disease through genomics will also
inform the functions of reactive cysteines. Alongside functional genomics, the
development of other more tailored chemical probes and the combination of
cysteine-reactive chemical probes with targeted protein degradation should also
help to inform the functions of specific cysteine residues. Cysteine-reactive probe
development will benefit from new methods to tune compound reactivity and to
reduce off-target activities, including nonspecific alkylation. Another weakness of
cysteine profiling is that it, by definition, is restricted to proteins that contain
suitable cysteine residues. However, this cysteine focus is beginning to shift and
recent studies have accessed other amino acids. IsoTOP-ABPP when coupled with
lysine-selective probes can uncover hyperreactive and functional lysine residues
(Shannon et al. 2014; Hacker et al. 2017; Ward et al. 2017). Reactivity profiling and
proteomics more generally are inherently limited by the stochastic nature of peptide
sampling by the mass spectrometer and inherent bias towards more abundant
peptides. With advances in proteomic instrumentation and acquisition methods and
the design of new chemical probes, including those capable of labeling other amino
acids (e.g., histidine, lysine, tyrosine), reactivity profiling will broadly enable the
proteome-wide identification of functional and ligandable sites on proteins.
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