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SUMMARY

Serine hydrolases comprise a large family of enzymes that have diverse roles in key cellular processes, such
as lipid metabolism, cell signaling, and regulation of post-translation modifications of proteins. They are also
therapeutic targets for multiple human pathologies, including viral infection, diabetes, hypertension, and Alz-
heimer disease; however, few have well-defined substrates and biological functions. Activity-based probes
(ABPs) have been used as effective tools to both profile activity and screen for selective inhibitors of serine
hydrolases. One broad-spectrum ABP containing a fluorophosphonate electrophile has been used exten-
sively to advance our understanding of diverse serine hydrolases. Due to the success of this single reagent,
several robust chemistries have been developed to further diversify and tune the selectivity of ABPs used to
target serine hydrolases. In this review, we highlight approaches to identify selective serine hydrolase ABPs
and suggest new synthetic methodologies that could be applied to further advance probe development.

Introduction

The recent boom in technologies focusing on “-omics” strategies
has provided invaluable insights into the genetic, transcriptomic,
and proteomic composition of cells. However, these methods
are generally unable to identify specific functional regulators of a
given cellular state at the protein level. Over the past two decades,
activity-based protein profiling (ABPP) has emerged as a valuable
strategy for deciphering the functions of many diverse families of
enzymes (Adibekian et al., 2011; Bachovchin and Cravatt, 2012).
The key component of ABPP is the activity-based probe (ABP),
which covalently modifies active site residues in enzymes and
thus provides an indirect readout of enzyme activity. Both broad-
spectrum and highly selective ABPs have enabled spatiotemporal
changes in enzyme activity to be tracked in response to specific
cellular perturbations and have thus contributed to our under-
standing of how specific enzymes drive particular cellular pheno-
types. However, a general lack of highly selective chemical probes
has prevented the functional characterization of many cellular en-
zymes. The ability to inhibit and/or readout dynamic changesin ac-
tivity and localization of specific enzymes in tissues or whole or-
ganisms that contain many related enzymes with similar
substrate specificities remains a primary goal of contemporary
ABPP research. To achieve this, novel approaches are needed
to generate probes with enhanced potency and selectivity for spe-
cific enzymes. In this review, we highlight strategies commonly
used to diversify probe scaffolds and also discuss which new syn-
thetic approaches can be used to advance ABP development in
the future. While this review highlights avenues for expanding the
chemical space of probes for the serine hydrolase superfamily,
the chemical methods discussed here are also generally appli-
cable to ABPs that target other enzyme families and classes.

Gheck for
Updates

ABPP and Serine Hydrolases
Serine hydrolases represent one of the most diverse classes of
enzymes in eukaryotes, prokaryotes, and viruses. They include
proteases, lipases, esterases, peptidases, thioesterases, and
amidases (Long and Cravatt, 2011). Due to this extensive
diversity, hydrolases have a prominent role in many metabolic
functions as well as in disease states, such as cancer and bacte-
rial/viral pathogenesis (Blais et al., 2012; Menendez and Lupu,
2007; Puri and Bogyo, 2013). Consequently, significant effort
has been focused on developing chemical tools to identify, clas-
sify, and characterize the function of serine hydrolases. One of
the original and arguably most successful ABPs ever
developed is the broad-spectrum serine hydrolase probe, fluoro-
phosphonate (FP) (Liu et al., 1999). This probe, which was devel-
oped more than two decades ago, has become a benchmark re-
agent for studies of serine hydrolases. Although originally
designed to target the lipid-metabolizing enzyme fatty acid amide
hydrolase (FAAH), it turned out to be an ideal probe for many
diverse serine hydrolases ranging from lipid esterases to prote-
ases. The FP probe relies on the highly selective reactivity of
the FP electrophile, which forms an irreversible covalent bond
exclusively with serine nucleophiles. Although the FP probe can
be derivatized, the core elements of the probe have remained
constant with a FP electrophile “warhead” (which covalently
modifies the catalytic serine residue in the active site of targeted
serine hydrolases), an extended saturated lipid linker, and a tag
for either visualization or affinity purification of targets (Figure 1A).
The FP probe is commonly used in chemical proteomic studies
toidentify serine hydrolases and also to globally profile how the ac-
tivity of these enzymes is modulated in a given disease state or
cellular condition. Initial profiling studies are often performed using
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Figure 1. ABP Design and ABPP Workflow
(A) Components of an activity-based probe. The structure of the broad-spectrum FP-rhodamine probe (left). A peptidyl diphenylphosphonate probe scaffold
(right). The electrophilic warhead, linker/specificity element, and tag are highlighted.
(B) The workflow of a typical ABPP experiment. Cells or cell lysates are incubated with an ABP. If a fluorescent probe is used, then proteomes can be separated by
SDS-PAGE and probe-labeled proteins visualized using in-gel fluorescence. If a biotin-tagged probe is used, then probe-labeled proteins are immobilized on
streptavidin resin, digested into tryptic peptides, and subjected to liquid chromatography-tandem mass spectrometry for target identification.

(C) The workflow of a stable isotope competitive ABPP experiment. Cells are grown in the presence of isotopically distinct “heavy” or “light” arginine and lysine.
Heavy labeled cells are then pre-treated with an inhibitor before incubation with a broad-spectrum biotinylated ABP. Light labeled cells are pre-treated with a
DMSO control before incubation with the same broad-spectrum biotinylated ABP. The heavy and light lysates are mixed together and the same workflow as
described in (B) is followed. The heavy-to-light ratio of peptides is then used as a parameter to quantify the selectivity of inhibition of protein targets by the

compound of interest.
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a simple gel-based readout of tagged proteins, which enables
rapid and relatively high-throughput analysis of enzyme activity
(Wright and Sieber, 2016). However, in many cases, when
broad-spectrum probes are used, gel-based methods fail to effec-
tively resolve all targets and a large dynamic range of activities ina
given sample can prevent comprehensive analysis by gel. There-
fore, probes containing an affinity tag are often used to perform
gel-free functional proteomic experiments (Figure 1B). This type
of ABPP experiment allows comprehensive mapping of all labeled
proteins over a large dynamic range and is often used in combina-
tion with isotope labeling to enable highly quantitative readouts of
changes in enzyme activity (Figure 1C). There have been many
successful applications of the FP probe to ABPP experiments
since its inception over 20 years ago. Recent examples include
the discovery of a new family of serine hydrolases in S. aureus
that are crucial for establishing host infection (Lentz et al., 2018)
and the identification of previously uncharacterized serine hydro-
lases from Vibrio cholerae with important roles in abrogating host
expression of intelectin, a protein implicated in the immune
response (Hatzios et al., 2016).

A second major application for the FP probe is profiling the
specificity and potency of serine hydrolase inhibitors by compet-
itive ABPP (Figure 1C). Competitive ABPP is performed by pre-
incubating an inhibitor in a complex biological sample or in vivo
and then labeling with a broad-spectrum probe to measure re-
sidual enzyme activity. As compounds bind and inhibit their tar-
gets, the overall amount of active enzyme available to be labeled
by the probe decreases. The limitation of competitive ABPP is
that inhibitor specificity can only be judged relative to the en-
zymes that are effectively labeled by the probe. Thus, broad-
spectrum probes, such as the FP probes are ideal for use in
competitive ABPP since they label a large number of related en-
zymes in any given biological sample (Bachovchin et al., 2010).
Competitive ABPP is a powerful strategy that has been used
extensively to both identify novel small-molecule inhibitors and
to confirm the specificity of previously discovered compounds.
For example, competitive mass spectrometry-based ABPP
with FP-biotin identified the lipase FAAH-4 as the target of the
carbamate inhibitor, JZI184, which has previously been shown
to regulate lifespan in C. elegans (Chen et al., 2019a). Similarly,
competitive gel- and mass spectrometry-based ABPP with FP-
rhodamine and FP-biotin, respectively, were used to screen a li-
brary of serine-reactive compounds against ABHD12, a lipase
that regulates the endocannabinoid system in the brain, resulting
in the identification of a potent thiourea inhibitor that demon-
strated exquisite selectivity in vivo (Ogasawara et al., 2018).
Furthermore, the Cravatt group has reported a competitive
ABPP method for measuring the inhibition of serine hydrolases
by reversible inhibitors. Key to this approach is the use of kinet-
ically tuned probes that enable competition for target engage-
ment with reversible inhibitors to be measured. For example,
an alkyne triazole urea ABP, which has decreased reactivity to-
ward serine hydrolases compared with FP probes, was used to
determine the target profiles of various non-covalent piperazine
amide inhibitors in living cells and mice (Adibekian et al., 2012).

While broad-spectrum probes, such as FP, are highly effective
for proteomic discovery of target enzymes and for competitive
ABPP, there is still a need for new classes of highly selective
probes. Probe specificity is particularly important for imaging ap-
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plications as there is no opportunity to biochemically resolve
labeled proteins. Furthermore, highly selective probes enable
rapid and high-throughput strategies to dynamically monitor a
specific target enzyme because there is no need for analytic sep-
arations of proteins before readout of signals. This interest in
probes with a high degree of target selectivity has led to the devel-
opment of novel chemical strategies to diversify the binding ele-
ments of probes as well as the reactive electrophilic warhead
used to form the key covalent bond to targets (Shannon and Weer-
apana, 2015). Therefore, we have chosen to highlight some of
these recent chemical strategies to diversify covalent probes
with a particular focus on the serine hydrolases due to the large
size of this family and the extensive prior efforts applying ABPs
to this class of enzymes.

Serine Hydrolase Warheads

Current Electrophilic Warheads. While the FP probe has proven
useful for studies of diverse serine hydrolase targets, its overall
general hydrophobic lipid core makes it most effective for en-
zymes, such as lipases and esterases involved in lipid meta-
bolism. Furthermore, studies using derivatives of the original FP
probe containing multiple tags and linkers, confirm that even small
changes to the core probe results in altered target profiles (Jans-
sen et al., 2018). These results highlight the possibility of tuning
probes for serine hydrolases by making changes to each of the
key components of an ABP, including the tag, linker, and electro-
phile. An obvious strategy for altering the selectivity of a probe is to
modify the main reactive electrophile. This group is the key
element that forms the covalent bond to the active site nucleophile
of a serine hydrolase. The electrophile can be chosen based onits
selectivity toward a given class of nucleophile (i.e., phosphonate,
which only reacts with serine versus a chloromethyl ketone that re-
acts with serine and cysteine residues) but also based on its over-
allintrinsic reactivity toward that nucleophile. By selecting electro-
philes with lower chemical reactivity, the resulting probes derive
their selectivity predominantly from the binding energy between
the target and the linker/specificity elements. However, if this
reactivity is too low, labeling will be inefficient, even with strong
binding elements attached. On the other hand, if the reactivity is
too high, significant off-target labeling becomes a major concern.
This was recently demonstrated for inhibitors and probes de-
signed to target the malaria proteasome, where optimized peptide
scaffolds designed with a specific electrophile lost most of their
target selectivity upon swap of the electrophile from a less reactive
to a more reactive group (Yoo et al., 2018).

For serine hydrolases, a variety of covalent electrophiles exist
that have been described over the past 40 years. Many of these,
including FPs, diphenyl phosphonates, sulfonyl fluorides, B-lac-
tams, carbamates, triazole ureas, and isocoumarins have been
used in probe scaffolds to target serine hydrolases (Figure 2A).
These electrophiles differ in their nucleophile and enzyme class
specificity as well as ease of synthesis, making the choice of
an optimal warhead something that must be carefully consid-
ered. Electrophilic phosphorous compounds are a common
class of serine hydrolase inhibitor and are particularly attractive
as ABPs and inhibitors because they possess a high degree of
selectivity for the serine nucleophile. Importantly, they have suf-
ficient intrinsic reactivity to yield active site labeling while avoid-
ing non-specific reactions with free hydroxyl groups. This broad
class of serine hydrolase inhibitors includes diphenyl
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Figure 2. Synthetic Strategies for Diversifying Serine Hydrolase-Targeting Electrophilic Warheads
(A) Structures of the commonly used serine hydrolase-targeting electrophilic warheads discussed in this review and key properties to consider for their use

in ABPs.

(B) Synthetic route to mixed alkyl/aryl phosphonates described by Huang et al. (2018). The method enables synthesis of diverse mixed alkyl/aryl phosphonates
and mixed aryl phosphonates. R = alkyl group. Ry and R, denote an aryl or alkyl group.

(C) Synthesis of the diphenylphosphonate warhead using an a-amidoalkylation reaction. R = natural or unnatural amino acid.

(D) Examples of tuning the specificity of the DPP electrophile. Examples are a neutrophil elastase DPP inhibitor with a P1 homoalanine and kallikrein 3 DPP

inhibitor with a P1 benzamidine.

(E) General structure of the carbamate warhead with the carbamoylating and leaving groups depicted (left). Example of the modification of the leaving group (in
red) as a strategy to generate diverse libraries of carbamate inhibitors and probes as described in Cognetta et al. (2015) (right).
(F) The two-hit mechanism of covalent inhibition of serine hydrolases by 4-chloroisocoumarins.

phosphonates, FPs, and mixed aryl/alkyl phosphonates.
Recently, the Adibekian group used mixed alkyl aryl phospho-
nate ABPs to target distinct subsets of the serine hydrolase fam-
ily by varying the phenolate leaving group (Figure 2B) (Wang
et al.,, 2019). These probes offer several advantages over the
FP probe, including ease of synthesis and tunable reactivity, as
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well as increased cell permeability and reduced toxicity, the
latter of which permits labeling of serine hydrolases directly in
living cells. The usual method for synthesizing mixed alkyl aryl
phosphonates involves LiBr-mediated mono de-alkyation of a
diethylphosphonate intermediate followed by esterification with
a phenol derivative. However, a recent report used a Cu(l)
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catalyst with diaryliodonium salts to perform a direct aryloxyla-
tion resulting in a one-step transformation of the diethylphosph-
onate to the mixed alkyl aryl phosphonate (Fafanas-Mastral and
Feringa, 2014). Similarly, triflic anhydride and pyridine can also
be used to activate the phosphonate and enable direct aryloxy-
lation (Huang et al., 2018) (Figure 2B). These advances should
enable large libraries of mixed alkyl aryl phosphonates to be syn-
thesized and therefore this scaffold may be used not only for
broad-spectrum labeling of serine hydrolases but also for selec-
tive inhibition of individual serine hydrolase targets. Interestingly,
the mixed alkyl aryl phosphonate warhead has also been used to
develop quenched fluorescent ABPs for various serine prote-
ases, suggesting that this class of electrophile can be used to
target a diverse range of serine hydrolases (Serim et al., 2015).
Unlike the FP electrophile, which labels diverse classes of hydro-
lases, diphenylphosphonates (DPPs) predominantly target
serine proteases and can be further fine-tuned by optimization
of a peptide linker. Specifically, a P1 amino acid can be used
to target specific serine protease sub-classes (Jackson et al.,
1998). For example, a P1 tyrosine or phenylalanine biases
selectivity of the diphenyl phosphonate toward chymotrypsin-
like proteases, while a P1 arginine results in labeling of trypsin-
like proteases (Powers et al., 2002).

Synthesis of DPPs is accomplished by a-amidoalkylation of
triphenyl phosphite with benzyl carbamate and an aldehyde of
choice affording racemic Cbz-protected amino diphenyl
phosphonates (Figure 2C). Importantly, this chemistry allows
installation of an array of natural and non-natural amino acid
analogs using aldehydes with diverse R groups. For example,
a diphenyl phosphonate analog with a P1 benzamidine was re-
ported as an inhibitor of KLK3, while a P1 homoalanine diphenyl
phosphonate showed potent inhibition of neutrophil elastase
(Figure 2D) (Kasperkiewicz et al., 2014; Kojtari et al., 2014). The
selectivity of the DPP warhead can also be tuned using a range
of aryl esters. For instance, Grzywa et al. (2014) developed a
panel of diaryl phosphonate probes using an assortment of aryl
esters and tested them against human neutrophil elastase, pro-
teinase 3, and cathepsin G. This study found that the p-S-methyl
aryl ester greatly increased the potency and selectivity of inhib-
itors for cathepsin G.

More recently, carbamates and ureas have proven to be useful
tools for studying individual serine hydrolases (Adibekian et al.,
2011; Alexander and Cravatt, 2005). These warheads were
introduced to enable rapid synthesis and discovery of selective
inhibitors and probes for functionally characterizing serine hy-
drolases. The two main branches of the core carbamate or
urea scaffold are known as the leaving group and the carbamy-
lating (carbamate)/carbamoylating (urea) group (Figure 2E, left).
Seminal work by the Cravatt group revealed that carbamates
inactivate serine hydrolases by carbamylation of the catalytic
serine nucleophile and also demonstrated that carbamate selec-
tivity can be fine-tuned by varying the leaving group. This
provides a platform for the development of a wide range of
selective urea and carbamate inhibitors. For example, an O-hex-
afluoroisopropyl carbamate scaffold was leveraged to generate
fluorescent ABPs for MAGL and ABDH6 (Chang et al., 2013).
Furthermore, a class of N-hydroxyhydantoin (NHH) carbamates
have been reported that can be further modified via acylation
or reductive amination. Fine-tuning of the NHH leaving group
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with this approach resulted in the identification of a selective pal-
mitoyl protein thioesterase 1 inhibitor (Figure 2E, right) (Cognetta
et al., 2015).

The triazole urea, like the carbamate, has been a more recent
addition to the serine hydrolase toolbox and now represents a
versatile chemotype for serine hydrolase inhibition due to broad
coverage across the enzyme class and the ability to tune selec-
tivity for individual members (Adibekian et al., 2011). A synthetic
strategy based on a robust click chemistry approach has
enabled rapid generation of triazole urea libraries with diversity
present on both the triazole and the carbamoylating group.
These libraries have yielded nanomolar and sub-nanomolar in-
hibitors for several serine hydrolases, including ABHD11, PA-
FAH2, and acylaminoacyl-peptide hydrolase (APEH) (Adibekian
et al., 2011). Another study identified a 1,2,4-triazole urea inhib-
itor for MAGL with a superior in vivo selectivity profile compared
with a previously reported carbamate inhibitor (Aaltonen et al.,
2013, 2016). More recently, both N-acyl pyrazoles and benzox-
athiazine-3-one, 1,1-dioxides have been developed as selective
serine hydrolase inhibitors, thus adding to the growing collection
of urea/carbamate inhibitor libraries (Kornahrens et al., 2017;
Otrubova et al., 2019).

4-Chloro-isocoumarin (CIC) represents another class of elec-
trophile that is uniquely tuned for selective targeting of serine hy-
drolases due to its two-hit mechanism of inhibition (Harper et al.,
1985). An initial nucleophilic attack by the active site serine
opens the heterocyclic ring, creating an acyl enzyme intermedi-
ate. While this covalent intermediate can be eliminated by subse-
quent hydrolysis, the 4-chloro group is rapidly eliminated
creating a reactive isoquinonimide methide, which then cova-
lently and irreversibly reacts with the catalytic histidine found in
all serine hydrolases (Figure 2F) (Powers et al., 2002). This mech-
anism makes the CIC electrophile an ideal choice for use in ABPs
that are specific for serine hydrolases. CICs have been used to
inhibit hydrolases, such as human esterases (Heynekamp
etal., 2008), bacterial esterases (Lentz et al., 2018), and depalmi-
toylases in Toxoplasma gondii (Child et al., 2013; Foe et al,
2018). Furthermore, a recent study used a CIC scaffold to
generate a highly selective probe for a depalmitoylating enzyme
in T. gondii, further confirming the utility for ABPP (Garland et al.,
2018). The selectivity of the CIC scaffold can be tuned by incor-
porating substituents at the 3 and 7 positions. The Verhelst group
synthesized CIC probes containing recognition elements for
trypsin-like, elastase-like, and chymotrypsin-like serine prote-
ases attached at various positions on the main aromatic ring.
These studies showed that selective labeling and reactivity could
be controlled by the location of the substitution (Haedke et al.,
2012). In contrast to ureas and carbamates, CIC libraries are
limited in scope, with only a few peptide substrates and small-
molecule moieties explored to date. It remains to be seen
whether CICs with modifications at alternate positions or
broader substrate scope will yield useful probes, but this electro-
phile class undoubtedly represents an unexplored area of chem-
ical diversity.

The use of lactam and lactone electrophiles for the generation
of ABPs has mainly focused on targeting bacterial enzymes,
especially B-lactamases (Bottcher and Sieber, 2012). Many
B-lactamase ABPs are serine hydrolase inhibitors that are
derived from penicillin-like antibiotics. Some of the earliest
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(legend continued on next page)
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probes in this class were developed by Staub and Sieber (2008)
as synthetic lactams for the identification of penicillin binding
proteins in various bacterial species. One target of these B-lac-
tam ABPs was discovered to be caseinolytic protease P, a serine
protease associated with bacterial virulence (Bhandari et al.,
2018). Lactams and lactones have also been used to target li-
pases, including diacylglycerol lipase-a. (DAGL-a), a serine hy-
drolase that aids in human endocannabinoid synthesis (Bagge-
laar et al., 2013), and Orlistat, a pan lipase inhibitor used to
treat obesity (Heck et al., 2000). It is important to note that, unlike
the aforementioned electrophiles, lactams and lactones can also
modify catalytic cysteine and threonine residues, and are thus
not specific for serine hydrolases. For example, an ABPP study
of hepatitis C virus (HCV) infection of human hepatoma cells us-
ing three broad-spectrum B-lactam probes of increasing hydro-
phobicity resulted in labeling of a broad range of enzymes with
different amino acids in their active site, including serine,
cysteine, threonine, and glutamic acid (Nasheri et al., 2014).
This further supports the reported broad specificity of this com-
pound class. Although many lactam and lactone ABP probe col-
lections do label catalytic residues other than serine, they still
represent viable reactive electrophiles that have the potential
to be tuned to an acceptable level of overall specificity.
Sulfonyl fluorides were first reported as covalent inhibitors of
serine hydrolases as far back as the 1960s (Fahrney and Gold,
1963). Since then, a number of sulfonyl fluoride probes and inhib-
itors have been prepared to specifically target active site serine
residues (Narayanan and Jones, 2015). For example, the
aliphatic sulfonyl fluoride inhibitor AM3506 was found to be a se-
lective inhibitor of FAAH, as determined by competitive ABPP
(Godlewski et al., 2010). Furthermore, the Verhelst group used
a mass spectrometry screening platform to identify peptidyl sul-
fonyl fluorides as inhibitors against intramembrane rhomboid
proteases (Vosyka et al., 2013). More recently, sulfonyl fluorides
and fluorosulfates have been used to selectively target individual
tyrosine, lysine, and histidine residues on diverse protein targets
(Hahm et al., 2020). This unique reactivity profile of sulfonyl fluo-
rides was conceptualized by the Sharpless group in 2014 and is
now known as sulfur fluoride exchange chemistry (SUFEx) (Dong
et al., 2014). SuFEx reactions occur only when strict require-
ments are met that enable stabilization of the departing fluoride
ion during its transit away from the covalent bond to sulfur. For
example, a hydrogen bonding network exists in the binding
site of modified proteins that facilitates fluoride extraction. How-
ever, the broad reactivity and context-dependent activation of
SuFEX, as well as the discovery of more synthetically tractable
covalent scaffolds, such as ureas and carbamates, has meant
that the sulfonyl fluoride electrophile has been used less
frequently in serine hydrolase inhibitors. Despite this, the advent
of SUFEx has facilitated the development of new chemistries to
robustly install sulfonyl fluoride moieties on diverse chemical
scaffolds. Large libraries of small molecules that are amenable
to SUFEx chemistry have been synthesized by various groups
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and are also commercially available (Barrow et al., 2019).
Recently, a screen of sulfonyl fluoride compounds against hu-
man neutrophil elastase resulted in the identification of 2-(fluoro-
sulfonyl)phenyl fluorosulfate as a potent inhibitor. Importantly,
this simple benzenoid also showed significant selectivity over
the closely related cathepsin G (Zheng et al., 2019). This finding
suggests that, by further expanding SuFEx libraries, it may be
possible to identify sulfonyl fluoride inhibitors that selectively
react with individual serine hydrolases.

Optimizing Serine Hydrolase Probe Scaffolds

While the selection of a reactive electrophile can help to direct
probes toward certain hydrolase families, this functional group
alone is usually not sufficient to drive absolute selectivity for in-
dividual hydrolases. Thus, the current landscape of probe design
tends to focus on developing both novel electrophilic molecules
with divergent labeling profiles, and new synthetic methods to
derivatize core probe scaffolds. Probe scaffolds can be tuned
using diverse methods depending on the serine hydrolase to
be targeted. For example, a serine protease can be targeted
by conjugating an optimal tetrapeptide substrate to an appro-
priate electrophile, such as a diphenyl phosphonate. On the
other hand, if the target is a lipase or esterase, then broadly reac-
tive serine hydrolase inhibitor scaffolds, such as ureas and car-
bamates, are likely to be an optimal starting point for probe
development. Tuning the specificity of these scaffolds is akin
to traditional medicinal chemistry whereby diverse libraries of
closely related analogs are synthesized and then screened
against the target of interest to identify a lead molecule. In the
next section of this review, we highlight recent methods used
to optimize the selectivity of probe scaffolds toward an individual
serine hydrolase target and also provide suggestions where
novel chemistries can be applied to further facilitate this process.
Peptidyl Probe Scaffolds. Established Methods. Peptidic
specificity elements are often used to tune the selectivity of
probe scaffolds, in particular when the serine hydrolase to be tar-
geted is a protease. A range of methods exist for identifying
optimal peptide sequences, including positional scanning syn-
thetic combinatorial libraries, phage display, internally quenched
fluorescent substrate libraries, and proteomics (Chen et al.,
2019b). Short tetrapeptide sequences are routinely incorporated
into probe scaffolds in place of non-specific linkers to enable se-
lective inhibition or labeling of individual serine proteases
(Schulz-Fincke et al., 2018; Winiarski et al., 2012). This strategy
is only applicable to proteases as, unlike lipases and other hy-
drolases, their specificity pockets are designed to bind to and
cleave specific peptide sequences.

Positional scanning libraries (PSLs) allow rapid determination
of the specificity of protease active site sub-pockets (Schneider
and Craik, 2009). The acquired specificity data can be used to
generate optimal peptide substrates for a particular protease,
which can then be grafted onto an appropriate probe scaffold
to generate a selective ABP (Figure 3A). A potential pitfall of
this screening approach is that it does not provide information

(B) Conversion of an optimized ACC substrate to an ABP. The ACC reporter group in the optimized substrate is replaced with an electrophile to generate a
selective ABP. This example shows the structure of an ABP selective for cathepsin G (Kasperkiewicz et al., 2017).

(C) Schematic showing the use of phage display to identify optimal protease substrates. Phage libraries displaying biotinylated peptides are tethered to
streptavidin resin and then incubated with a protease of interest. Phage displaying optimal peptide sequences are cleaved from the resin and collected. The
phage are then amplified, and the process can be repeated until the consensus sequence of an optimal substrate is identified.
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on binding site cooperativity and thus residues identified as
“optimal” from each sub-site screen may not equate to the
best substrate when combined into a single peptide sequence.
Consequently, it is essential that a small library of substrates is
synthesized comprising multiple identified “hit” amino acids
from each library sub-screen. The incorporation of non-natural
amino acids to PSL substrate libraries, termed hybrid combina-
torial substrate libraries (HyCoSuL), has expanded the chemical
space that can be explored by this approach and has enabled
highly selective substrates and inhibitors to be generated for a
range of serine proteases (Poreba et al., 2017). For example,
the Drag group used the HyCoSuL approach to identify selective
substrates for each of the four main neutrophil serine proteases
(neutrophil elastase, cathepsin G, proteinase 3, and neutrophil
proteinase 4). Grafting each selective substrate onto a DPP
probe scaffold with multiple, spectroscopically unique fluoro-
phore labels, enabled multiplexed imaging of the activity of
each protease in live neutrophils using fluorescent microscopy
(Figure 3B) (Kasperkiewicz et al., 2017). Similarly, HyCoSuL
was used to develop a selective substrate for the “hydrolase
important for pathogenesis 1” (Hip1) serine protease in Myco-
bacterium tuberculosis (Lentz et al., 2016). This sequence was
then attached to a diphenyl phosphonate electrophile to
generate a selective ABP. Surprisingly, despite being highly
potent, the resulting peptidyl DPP demonstrated reversible
competitive inhibition kinetics and thus lacked utility as an
ABP. Replacement of the DPP moiety with the CIC electrophile
enabled the identification of a potent irreversible inhibitor of
Hip1 that could be used as a scaffold to generate a selective
ABP. This study serves to show the importance of sampling mul-
tiple electrophilic warheads when attempting to develop a selec-
tive ABP for a hydrolase target.

Phage display is an alternative technique that can be used to
identify optimal peptide sequences for protease targets. An
advantage of phage display is that extended peptide sequences
can be screened, and the resulting hits often form interactions
with the target protein that extend outside of the active site.
Such “exo-site” interactions are often unique to a particular hy-
drolase which increases the chance of identifying a selective
substrate and covalent probe (Ramirez et al., 2018). In phage
display, degenerate DNA sequences encoding random peptides
(up to 10° unique sequences) are fused to a phage coat protein to
enable presentation on the surface of the phage. The most
commonly used bacteriophage is the M13 filamentous phage.
In this system, the peptide library DNA is ligated into the plll
gene, which codes for the minor coat protein. This approach en-
ables billions of peptides to be rapidly screened against a protein
of interest. Identification of optimal protease substrates using
phage display was reported as far back as 1993 (Matthews
and Wells, 1993). In the most recent description of this approach,
each presented peptide displays an N-terminal avi-Tag to permit
quantitative biotinylation and immobilization on streptavidin
magnetic beads. The immobilized phage library is then
incubated with a protease, and phage that display favorable sub-
strates are cleaved into solution and can be subsequently ampli-
fied in bacteria (Figure 3C). This process can be repeated for
multiple rounds, resulting in an enrichment of optimal substrates
(Deperthes, 2002; Zhou et al., 2020). To date, phage display has
been used to profile the active site specificity of many serine pro-
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teases, including thrombin (Kretz et al., 2018), mannose-binding
lectin-associated serine protease (Kocsis et al., 2010), and kalli-
krein-related peptidase 14 (Felber et al., 2005). Phage display
identifies cooperativity between many residues and thus re-
mains a powerful tool for identifying highly optimized protease
substrates that can be grafted onto different probe scaffolds to
enable development of selective ABPs.

Future Opportunities. To date, the use of phage display and
PSLs has been restricted to identification of linear substrate se-
quences. Consequently, the ABPs generated from these peptides
are generally limited to use in vitro due to rapid in vivo degradation
and/or clearance. One possibility for addressing this shortcoming
is to use cyclic peptides for ABP design. Despite being relatively
unexplored in the field of ABPP, the global market for cyclic pep-
tide therapeutics is currently estimated to be over $20 billion (Hen-
ninot et al., 2018). Cyclic peptides are less prone to non-specific
proteolysis and tend to have enhanced membrane permeability,
greater oral availability, and improved binding characteristics
compared with linear peptides (Lau et al.,, 2015; Nielsen et al.,
2017). The latter fact is due to their constrained form, which results
in a smaller loss of conformational entropy upon binding (Driggers
et al., 2008). Importantly, cyclic peptides have been widely used
as selective inhibitors of serine hydrolases (Driggers et al.,
2008). For example, sunflower trypsin inhibitor-1, a 14-amino
acid cyclic peptide that is found in sunflower seeds, was tuned
to be selective for individual kallikrein-related peptidases by graft-
ing preferred P1-P4 substrate sequences into the native scaffold
(Shariff et al., 2014).

Over the last decade, the groups of Heinis and Derda have
revolutionized phage display by introducing a range of chemical
“linchpins” that facilitate peptide cyclization by covalent modifi-
cation of two or more fixed cysteine residues present in the dis-
played linear peptides (Derda and Jafari, 2018; Heinis et al.,
2009). This has enabled large libraries of monocyclic/bicyclic
peptides to be generated and resulted in highly selective binders
for diverse proteins, especially inhibitors of serine hydrolase tar-
gets (Deyle et al., 2017). For example, a phage screen led to the
identification of a highly specific bicyclic inhibitor of matrix met-
alloproteinase 2, a zinc-dependent endopeptidase that belongs
to a family of more than 20 enzymes with structurally conserved
catalytic domains and shallow substrate binding sites (Maola
et al., 2019). That work used tris-(boromomethyl)benzene to
form a bicyclic library by covalently modifying three cysteine res-
idues present in each displayed linear peptide. After identifica-
tion of an optimal binding bicyclic peptide, the addition of a metal
binding hydroxamate functional group further increased the po-
tency of the resulting inhibitor. Such an approach could also be
applied to other classes of protease targets by installing class-
specific electrophiles after identification of optimal cyclic or bicy-
clic peptide scaffolds. More recently, phage display was used to
screen large libraries of genetically encoded double-bridged
peptides against coagulation Factor Xia. This resulted in the
identification of a highly selective inhibitor, which was resistant
to degradation by gastrointestinal proteases and could thus be
administered orally to mice (Kong et al., 2020). Importantly, there
are a number of ways in which cyclic peptide phage libraries
could be used to aid ABP development. For example, a chemical
linchpin could be used to both form cyclic peptides and intro-
duce a tag, such as biotin, to permit immobilization on
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Figure 4. Cyclic Peptide Linkages and Their Incorporation into ABP Scaffolds
(A) The general strategy to covalently inhibit target proteins by peptides cyclized with dichloro-oxime linkers that contain an appropriate electrophilic warhead.

(B) Structures of several diverse peptide staples.

(C) Schematic of a stapled peptide inhibitor and its conversion to a cyclic peptide ABP. The i, i+4 linkage is shown but in principle can vary. The peptide staple and

warhead may also be varied.

streptavidin resin. This would enable a library of cyclic peptide
substrates to be screened against proteases, and the enriched
cyclic peptides could be grafted onto probe scaffolds to
generate ABPs with improved in vivo properties. Alternatively,
phage display could be used for de novo development of highly
selective covalent inhibitors, which could be transformed into
ABPs by conjugation to an appropriate tag. Although rare, there
are a few examples of using genetically encoded libraries for
identifying selective covalent peptide inhibitors. For example,
the Schultz group used orthogonal aminoacyl-tRNA synthe-
tase/tRNAgua pairs, together with a split intein system to bio-
synthesize a library of ribosomal peptides containing an
expanded set of amino acid building blocks. Screening of this li-
brary against the HIV protease resulted in the identification of a
lead peptide containing the keto amino acid p-benzoylphenyla-
lanine, which covalently modified the e-amino group of Lys 14
on the protease leading to formation of a Schiff base adduct
(Young et al., 2011). Alternatively, the Taki group used a T7
bacteriophage display library to identify linear peptide binders
for glutathione S-transferase. These hits were then transformed

into covalent inhibitors by modifying an internal cysteine residue
with ethenesulfonyl fluoride (Uematsu et al., 2018). More
recently, our lab has developed a general, unbiased approach
to directly screen diverse pools of covalent peptide inhibitors us-
ing phage display. This was enabled by modifying peptides dis-
played on M13 bacteriophage with a 1,3-dichloroacetone linker
that both induced peptide cyclization and allowed for introduc-
tion of a weak electrophile (Figure 4A). Using this approach, we
were able to identify cyclic peptides that irreversibly inhibited to-
bacco etch virus cysteine protease (Chen and Bogyo, 2019) and
highly selective inhibitors with nanomolar potency for FphF, a
serine hydrolase found in S. aureus (unpublished data). The suc-
cessful optimization of this latter inhibitor suggests that phage
display is not only limited to targeting serine proteases but can
also be used for identifying selective covalent cyclic peptides
for a diverse range of serine hydrolases. This next-generation
screening approach for identifying cyclic ABPs is potentially
transformative as it combines the benefits of phage display
(high diversity, direct screening, successive amplification, and
selection) with the strengths of synthetic probe libraries (addition
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of diverse warheads). By using the various electrophilic war-
heads discussed throughout this review it should be possible
to develop ultrapotent and selective probes for a diverse range
of serine hydrolases.

In addition to the use of genetically encoded libraries, chemical
stapling of linear peptides generated by solid-phase peptide syn-
thesis is another powerful method for forming cyclic peptides. A
broad range of peptide-stapling technologies exist and may be
used for generating large libraries of cyclic substrates and/or co-
valent inhibitors (Figure 4B). The introduction of a peptide staple
to alinear peptide sequence results in an increase in helicity and/
or hydrophobicity, which has been shown to improve membrane
permeability, target specificity, and overall stability (Dougherty
et al., 2019). For example, the cyclic peptide clinical candidate
Ciluprevir, an HCV NS83 serine protease inhibitor, was optimized
from a linear hexapeptide using ring-closing metathesis to form
the cyclic structure (Rosenquist et al., 2014). This candidate ulti-
mately led to the approved HCV medication, Simeprevir. It is
possible that the favorable properties of stapled peptides may
be conferred to an ABP by incorporating a carefully designed sta-
pled substrate into a probe scaffold (Figure 4C).

Overall, the research area of covalent cyclic peptide inhibitor

development is in its infancy, but recent advances in peptide
display technologies and chemical stapling methods, as well
as the wide variety of electrophilic warheads available, mean
that this class of inhibitor could be used routinely in the future
for the development of ultrapotent and exquisitely selective
ABPs for diverse serine hydrolase targets.
Small-Molecule Probe Scaffolds. Established Methods. In
this section, we highlight current methods used to synthesize
diverse libraries of non-peptidic serine hydrolase-targeting
probe scaffolds. Of the small-molecule probe scaffolds identified
to date, carbamates and ureas have been the most widely used
as they can be quickly diversified via relatively simple chemis-
tries. For example, a recent report focused on introducing bulky
groups onto the carbamoylating moiety of the carbamate scaf-
fold using Buchwald-Hartwig cross-coupling to increase selec-
tivity for FAAH (Table 1) (Lamani et al., 2019). Similarly, palladium
cross-coupling chemistry has been used to generate secondary
amine derivatives of t-butyl-methylenepiperidine-1-carboxylate,
which were then used as carbamoylating moieties (Kodani et al.,
2018). The generated amines were reacted with phenyl isocya-
nates to generate novel ureas (Table 1). Using these chemistries,
it was possible to iteratively change the carbamoylating and
leaving group and ultimately identify a lead molecule with dual
potency for FAAH and soluble epoxide hydrolase.

Although these strategies can quickly generate diverse li-
braries, other methods are still needed to synthesize ABPs
from accessible starting materials. Another possible route for
generating ureas and carbamates is through the use of carbon
dioxide. Under basic conditions, amines can react with carbon
dioxide to form isocyanates in situ, which can then be reacted
with a variety of primary and secondary amines or alcohols to
form either ureas or carbamates under Mitsunobu-like condi-
tions (Table 1) (Peterson et al., 2010).This strategy could be
used to produce a diverse set of isocyanates using readily avail-
able amines and alcohols.

The triazole urea scaffold is synthesized using a two-step pro-
cedure. Substituted alkynes are first reacted with in-situ-formed
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azido methanol to yield 4-substituted triazoles, which can then
be carbamoylated by use of triphosphgene and a carbamoyl
chloride to afford triazole urea products (Table 1) (Adibekian
et al.,, 2011; Kalisiak et al., 2008). This strategy was initially
used to find a sub-nanomolar inhibitor for APEH. Selective inhi-
bition of APEH with the optimized triazole urea enabled identifi-
cation of its substrates by quantitative proteomics (Adibekian
et al., 2011). Further work has created additional diversity in
the triazole urea scaffold. For example, incorporation of an aryl
halide on the triazole provided a chemical handle for derivatiza-
tion through the use of palladium cross-coupling reactions. This
approach was used for developing DAGL-3 and lysophospholi-
pase-like 1 inhibitors (Table 1) (Ahn et al., 2016; Hsu et al.,
2013). Triazole ureas have also been transformed into imaging
probes. For example, conjugation of a BODIPY dye to the carba-
moylating group of an optimized triazole urea enabled single-cell
imaging of FphE in S. aureus (Chen et al., 2019a, 2019b, 2019¢).
In addition, the van der Stelt group converted a triazole urea in-
hibitor for DAGL-« into a quenched fluorescent probe by attach-
ing a fluorophore on the carbamoylating moiety and a quencher
on the triazole leaving group (van Rooden et al., 2018). These ex-
amples serve to highlight how synthetic chemistry has enabled
the discovery of diverse probes using the triazole urea scaffold.

B-Lactam and B-lactone ABPs have been widely used to profile
the targets of antibiotic compounds (Bottcher and Sieber, 2012).
Various studies have shown that substitution on the B-lactam
and B-lactone ring can alter the reactivity and selectivity of these
core scaffolds (Sharifzadeh et al., 2017). This unique reactivity of
B-lactams has been leveraged to enable profiling of the rhomboid
intramembrane proteases, which is a class of protease that has
been difficult to characterize due to the lack of effective warheads
(Pierrat et al., 2011). Due to the prevalence of B-lactams in natural
products, there is an expansive body of literature describing their
synthesis (Kamath and Ojima, 2012). Libraries of lactones have
largely focused on the use of diversity-oriented synthesis. One
method has used a combination of Heck cross-couplings and
rhodium-catalyzed conjugate additions to develop a library of lac-
tones that cover a large range of chemical space (Table 1) (Elford
et al., 2009). Synthetic libraries also include bicyclic lactams and
lactones, further broadening the chemical space of these scaf-
folds. Olefin cross-metathesis has also been used to develop a
wide variety of lactone libraries (Table 1) (Camara et al., 2015).

Future Opportunities. Overall, a wide range of synthetic
methodologies exist to enable rapid diversification of small-
molecule probe scaffolds that target serine hydrolases (Table 2).
However, some electrophiles, such as mixed alkyl aryl phospho-
nates and chloroisocoumarins remain relatively underrepre-
sented in the literature despite showing great promise as selec-
tive inhibitors. Generally, probe scaffold libraries are limited to a
few hundred compounds due to the need for multiple synthetic
steps, as well as a need for chromatographic purification. There-
fore, covalentinhibitor libraries remain modest in size and conse-
quently we lack selective inhibitors for many members of the
serine hydrolase family. Therefore, highly robust chemistries
that can be performed without the need for purification, such
as “click chemistry” approaches could be used to address these
shortcomings.

To date, click chemistry has been only sparingly used for
developing optimal ABPs. The properties of these reactions
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Table 1. Methods for Diversifying Small-Molecule Serine Hydrolase-Targeting Probe Scaffolds
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cross-couplin R
. F{1\ X _pd n (N, R (\"JL”
= N L
N 5 o
| e |\©/ \)"R _)’ I\\ \) R
- =

= _Boc
X = Halide HO‘
“R
0, - 0 oy
Br

Suzuki cross-coupling Kodani et al. (2018)

Boc 1) Deprotectlon R

ENN
2) Phenyl Isocyanate @\0 H

Carbon dioxide chemistry 1) PBu,, DBAD o] Peterson et al. (2010)
Ly
DBU 2) R,R,NH N
co, o - L
;H 4—’ NJ\OH ==
& 1) PBu,, DBAD 0
2) R,OH IR,
N
o
Azide-alkyne click chemistry 1) Cuso, o Adibekian et al. (2011)
NaAscorbate R R‘NJLCI R j.L " R o -
R AcOH/THF NG N N7 SN~
"%+ NaNy + HCHO = R N+ NS
7z 2) NaOH/MeOH  HN_y > R ﬁ RN
Suzuki cross-coupling B(OH)z N Ahn et al. (2016)
B OO
R
EJ/@ (\l}‘@
Heck reaction Pd(OAc pph Elford et al. (2009)
Rhodium-catalyzed Cs,CO,, CH CN Ar_
conjugate addition + Arl —)
90°C,12h
Rh(COD)(acac)
rac BINAP, B(OH
\E’ Dloxane
4 100 °C pw, 4 h

X=0O,N X=0O,N

Olefin metathesis H,C(CH,C),, 5 e HaC(H2C)12 o CoCL{PPh) H,C(CH,C),, 0 Camara et al. (2015)
E 2 2
Ru Cat. / NaBH,

R

High Z-selectivity (trans/cis)

are compatible with high-throughput screening and would
enable rapid diversification of probe scaffolds to generate li-
braries made up of thousands of analogs. Copper(l)-catalyzed
azide-alkyne cycloaddition (CUAAC) has been used by medic-
inal chemists to develop libraries of bioactive molecules, but
has yet to be harnessed for the development of diverse li-
braries of covalent inhibitors (Thirumurugan et al., 2013). The
major advantage of CuAAC is that the reaction can take place
in aqueous buffers and the resulting crude reaction mixtures
can be screened directly in biochemical assays (Rostovtsev
et al., 2002). A recent study demonstrated the quantitative
conversion of over 1,200 amines to azides using fluorosulfuryl
azide. Furthermore, crude azide mixtures were directly re-

acted with alkynes using CUAAC conditions resulting in near
quantitative conversion to triazoles (Meng et al., 2019). This
landmark study opens up the possibility of generating vast li-
braries of covalent serine hydrolase inhibitors simply by
ligating azides, which are made from readily available primary
amines, to alkyne-tagged versions of probe scaffolds
(Figure 5A). Importantly, this could facilitate the identification
of selective covalent inhibitors based on underutilized scaf-
folds, such as mixed alkyl aryl phosphonates and chloroiso-
coumarins, which can be readily modified with an alkyne
handle. Crude reaction mixtures can be tested directly against
the serine hydrolase of interest and thus the entire screening
process, from synthesis to activity readout, can be performed
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Table 2. Chemical Methods for Tuning the Selectivity of Serine Hydrolase Probe Scaffolds

Chemical Method Scheme Advantages Disadvantages
Solid phase peptide synthesis Standard SPPS Peptide highly modular, limited to peptidic structures,
o automated limited warheads
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lack of E/Z selectivity

requires catalysts

requires reducing agent

design is non-intuitive, small
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limited to planar structures,
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sulfonyl group

R' R
ReA_F+ Nut — 3 R-8-Nu~
8

in a microwell plate potentially resulting in a significant
decrease in the time taken to identify an optimal ABP.
Similarly, SUFEx click chemistry, developed by the Sharpless
group, also presents new avenues for synthesizing diverse
ABPs and serine hydrolase inhibitors (Dong et al., 2014). This
method enables metal-free coupling of amines, aromatic alco-
hols, carbon nucleophiles, and aryl silyl ethers to multi S-F
bond-containing “hubs” to generate sulfonamides, sulfates,
and sulfonates (Barrow et al., 2019). Importantly, these transfor-
mations occur in metal-free, biocompatible reaction conditions,
meaning that crude reaction mixtures can be screened directly
against protein targets. Unlike CUAAC, the sulfur(Vl)-containing
motifs resulting from SuFEx reactions often possess 3D struc-
ture, multiple hydrogen-bond donors/acceptors, and drug-like
lipophilicity. In a recent paper by the Wolan group, a modest
nitrile inhibitor for SpeB, a bacterial cysteine protease, was
modified with an iminosulfur oxydifluoride motif and rapidly
diversified with 460 diverse amines (Kitamura et al., 2019). The
resulting library was directly screened against SpeB and yielded
several drug-like inhibitors with up to 300-fold higher potency
(Figure 5B). In addition, the synthesis of the library was repeated
on a miniaturized scale using an Echo Acoustic liquid handler.
A strong correlation in inhibitory potency was observed between
the picomole scale and nanomole scale syntheses, thus sug-
gesting that SuFEX libraries can be readily generated using ro-
botic screening systems. Using a similar method to diversify
serine hydrolase probe scaffolds could result in potent, selec-
tive, and in vivo compatible ABPs (Figure 5C). Furthermore, given
that iminosulfur oxydifluoride analogs contain two S-F bonds,
and can be readily synthesized using thionyl tetrafluoride gas,
it is foreseeable that probe libraries of even greater diversity
could be synthesized by sequentially modifying probe scaffolds
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with two different amine moieties. Overall, given that library syn-
thesis is likely to be carried out in microplates using liquid
handling systems, and that crude mixtures can be screened
directly against serine hydrolase targets, both CuAAC and Su-
FEx click chemistry are likely to become powerful methods for
rapidly  diversifying probe scaffolds and identifying
optimal ABPs.

SIGNIFICANCE

For a full understanding of the role of serine hydrolases in
human health and disease, selective inhibitors and active
site probes need to be developed. In this review, we describe
the diverse range of electrophilic warheads available to
selectively target serine hydrolases. Moreover, we highlight
the various methods available to tune the selectivity of probe
scaffolds. A summary of these methods can be found in Ta-
ble 2. For optimizing peptide scaffolds, positional scanning
libraries and phage display are powerful approaches, but
these tend to yield linear peptide sequences that generally
cannot be applied to in vivo models. There is a wide selec-
tion of chemical linchpins available that facilitate peptide
cyclization and we hypothesize that generating large li-
braries of covalent cyclic peptides for screening against tar-
gets will facilitate the identification of potent, selective, and
in vivo compatible ABPs. Similarly, there are a variety of
synthetic methods described in the literature that enable
optimization of various small-molecule probe scaffolds.
However, many of the described approaches are based on
multi-step syntheses and require purification, thus limiting
library sizes to a few hundred compounds. We suggest
that the use of CuUAAC and SuFEx click chemistries will
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(A) General strategy for developing selective ABPs for serine hydrolase targets by derivatizing small-molecule probe scaffolds with diverse libraries of readily

available azides. R = aryl or alkyl group.

(B) Example of the optimization of an inhibitor for the cysteine protease SpeB using SUFEx chemistry. Left: structures of the lead SpeB inhibitor and the resulting

iminosulfur oxydifluoride analogs. Right: representative optimized SpeB inhibitors (Kitamura et al.,

2019).

(C) Optimization of a serine hydrolase probe scaffold using a SuFEx library screening approach.

enable rapid diversification of a wide variety of probe scaf-
folds in one step and enable direct screening of crude reac-
tion mixtures against hydrolase targets. We envision that
this review will help to focus future efforts to expand the
scope of ABPs for the study of this clinically and biologically
important family of enzymes.
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