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Abstract

Serine hydrolases are one of the largest and most diverse enzyme classes in Nature. Inhibitors of
serine hydrolases are used to treat many diseases, including obesity, diabetes, cognitive dementia,
and bacterial and viral infections. Nonetheless, the majority of the 200+ serine hydrolases in
mammals still lack selective inhibitors for their functional characterization. We and others have
shown that activated carbamates, through covalent reaction with the conserved serine nucleophile
of serine hydrolases, can serve as useful inhibitors for members of this enzyme family. The extent
to which carbamates, however, cross-react with other protein classes remains mostly unexplored.
Here, we address this problem by investigating the proteome-wide reactivity of a diverse set of
activated carbamates in vitro and in vivo using a combination of competitive and click chemistry
(CC)-activity-based protein profiling (ABPP). We identify multiple classes of carbamates,
including O-aryl, O-hexafluoroisopropyl (HFIP), and O-N-hydroxysuccinimidyl (NHS)
carbamates that react selectively with serine hydrolases across entire mouse tissue proteomes in
vivo. We exploit the proteome-wide specificity of HFIP carbamates to create in situ imaging
probes for the endocannabinoid hydrolases monoacylglycerol lipase (MAGL) and alpha-beta
hydrolase-6 (ABHD®6). These findings, taken together, designate the carbamate as a privileged
reactive group for serine hydrolases that can accommodate diverse structural modifications to
produce inhibitors that display exceptional potency and selectivity across the mammalian
proteome.

Serine hydrolases comprise about ~1% of all proteins in most eukaryotic and prokaryotic
organisms, including humans,® and perform a diverse array of crucial physiological
functions including the regulation of bacterial cell wall biosynthesis, (@) viral replication,®
inflammation, nutrient digestion(® and metabolism,® blood clotting(") and neuronal
signaling.(® ©) Because of this, serine hydrolases have been the focus of drug discovery
programs, which have yielded new medicines to treat human disorders such as obesity,(19)
diabetes, (11 12) dementia associated with Alzheimer's disease(X3) and infectious

diseases.(3 14) Despite these advances, selective and in vivo-active inhibitors are still lacking
for most of the 200+ serine hydrolases in the human proteome(!%) and, consequently many
of these enzyme remain poorly characterized in terms of their endogenous biochemical and
cellular functions. Thus, there is a great need for new pharmacological tools that target
serine hydrolases with good selectivity in vivo, which would serve not only as chemical
probes to investigate the function of these enzymes in cell and animal models, but also as
potential leads for drug development.(®5. 16)
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Both reversible and irreversible classes of serine hydrolase inhibitors have been developed
that target members of this enzyme family with excellent selectivity.(15) Irreversible
inhibitors, however, offer several potential advantages, especially as first-generation
chemical probes, in that they can more readily achieve sustained and complete target
inhibition in vivo without requiring extensive optimization of their physicochemical and
pharmacokinetic properties.(17: 18) |rreversible inhibitors are also straightforward to evaluate
using a versatile suite of activity-based protein profiling (ABPP(19-21)) methods to confirm
target engagement and proteome-wide selectivity in cell and animal models(22). A primary
strategy for developing irreversible serine hydrolase inhibitors exploits the intrinsic
reactivity of active-site serine nucleophiles, a unifying feature of this enzyme class, by
designing complementary electrophiles, such as activated lactams,(23: 24) Jactones, ()
carbamates(26: 27) and ureas.(28. 29) Mechanistically, irreversible serine hydrolase inhibitors
mimic the natural ester, amide, or thioester substrates of serine hydrolases, undergoing
initial nucleophilic attack to form a covalent-enzyme adduct (Figure 1); but, unlike natural
substrates, which form transient intermediates (i.e. acyl-enzyme complexes) that are rapidly
hydrolyzed to restore the active enzyme, irreversible inhibitors generate a stable (covalent)
inhibitor-enzyme adduct that traps the enzyme in an inactive state. Thus, the design of
irreversible serine hydrolase inhibitors has profited from not only a consideration of the
affinity of an inhibitor for the enzymes active site, but also from an understanding of the
reactivity of the electrophilic group itself.

The parameters of affinity and reactivity must be coordinately optimized to create potent and
selective irreversible inhibitors. The process of tuning inhibitor electrophilicity, however,
often proceeds without a full knowledge of the broader impact on proteome reactivity. It is
generally appreciated, at least on a theoretical level, that there is a “ceiling” of acceptable
reactivity at which point further enhancing inhibitor potency through increased
electrophilicity is counteracted by covalent modification of other proteins. Indeed, non-
specific proteome reactivity is considered a major liability for drugs and drug metabolites, as
this process can lead to impairments in biochemical pathways and the formation of
immunogenic conjugates that promote toxicity.(3%) Assuring that covalent inhibitors have
maximal proteome-wide selectivity is, therefore, an important goal.(1?) Historically, this
problem has proven difficult to address, especially in physiologically relevant contexts; but,
chemoproteomic technologies, such as competitive(: 31.32) and click chemistry (CC)-
ABPP,(33:34) have recently emerged that provide robust and general platforms for evaluating
the proteome-wide reactivity of irreversible inhibitors directly in living systems.

Since the extent of non-specific proteome reactivity for the majority of covalent inhibitors
remains unknown, we wanted to shed light on this subject by analyzing one of the most
versatile chemotypes for serine hydrolases inhibition, the carbamate. We synthesized a
focused library of probes bearing carbamates of varying reactivity and a common binding
group that directed these agents to the endocannabinoid hydrolases monoacylglycerol lipase
(MAGL) and alpha, beta hydrolase-6 (ABHD6). Competitive and CC-ABPP assays revealed
that O-aryl, O-hexafluoroisopropyl (HFIP), and O-N-hydroxysuccinimidyl (NHS)
carbamates selectively inhibit serine hydrolases in vivo, showing negligible cross-reactivity
with other proteins in mouse tissue proteomes. The NHS carbamate was a particularly
intriguing case, in that it showed evidence of non-specific proteome reactivity at high
concentrations in vitro, but not in mice, where the inhibitor inactivated MAGL with good
potency and selectivity. Finally, we took advantage of the remarkably high selectivity that
HFIP carbamates displayed for MAGL and ABHD®6 to develop an activity-based imaging
probe for localizing the activity of these enzymes in mouse and human cells. These studies
thus designate the carbamate as a versatile chemotype for creating irreversible inhibitors and
functional imaging probes for serine hydrolases that show exquisite proteome-wide
selectivity in vivo.
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Results and Discussion

Design of a Carbamate Scaffold for Chemoproteomic Analysis
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A limited set of O-aryl carbamates was examined previously by competitive and CC-ABPP
and found to display promising selectivity for serine hydrolases in proteomes and in vivo.(3%)
However, whether other types of activated carbamates also exhibited proteome-wide
specificity for serine hydrolases remained an important and unanswered question. We first
set out to develop a series of chemical probes that could be used to assess the proteome-wide
reactivity of various carbamates against a background of serine hydrolase inhibition. We
chose to target monoacylglycerol lipase (MAGL) as a representative serine hydrolase
because we could capitalize on established structure-activity relationships for carbamate
inhibitor design, which included irreversible inactivation by various carbamate
subtypes.(36-38) Considering MAGL's prominent role as a regulator of both endocannabinoid
and eicosanoid signaling pathways in a number of disease models,3%43) we also anticipated
that our studies could impact the design of next-generation inhibitors and functional probes
for studying the biological activities and biomedical relevance of this enzyme.

Our previously optimized carbamate inhibitors of MAGL, namely JZL18437) and
KML29,(36) featured a benzhydrylpiperidine “carbamylating” motif coupled to O-p-
nitrophenyl (PNP) and O-HFIP leaving groups, respectively (Figure 2a). Our first goal was
to modify these inhibitors with a simplified, common carbamylating group that would retain
inhibitory activity against MAGL and also be amenable to incorporation of an alkyne group
for future CC-ABPP experiments. On the basis of previous structure-activity relationship
studies,(37: 44, 45) we reasoned that the 1-(4,4"-dichlorobenzhydryl)piperazine scaffold might
serve this dual purpose, not only because of its predicted potency and selectivity for MAGL
over most other serine hydrolases,(3) but also because the chlorine substituents provided a
prime location to install a sterically equivalent ethynyl group. We first prepared the HFIP
carbamate JW651 (Figure 2a), which could be synthesized in a single step from
commercially available materials, and assessed its inhibitory activity against serine
hydrolases in the mouse brain proteome in vitro using competitive ABPP with the broad-
spectrum, serine hydrolase-directed probe fluorophosphonate-rhodamine (FP-Rh(46)),
JW651 was found to potently inhibit MAGL with an ICgq of 38 nM and did not exhibit
cross-reactivity with other brain serine hydrolases off-targets up to 10 .M, where a partial
blockade of ABHDG6 was observed (Figure 2b and Supplementary Table S1). MAGL
inhibition by JW651 was confirmed using a 2-arachidonylglycerol (2-AG) substrate assay
(ICsq of 4.5 nM; Supplementary Figure S1). JW651 also potently and selectively inhibited
MAGL invivo. C57BI/6J mice were administered JW651 by oral gavage (1.0 to 40
mgekg1), and, after 4 h, mice were sacrificed and their brain tissue harvested to measure
serine hydrolase activities and lipid levels. Near complete and selective inhibition of MAGL
was observed at doses as low as 5 mgekg1, and this profile was maintained to a dose of 40
mgekg1, where partial inhibition of ABHD6 was observed (Figure 2c). Consistent with
these competitive ABPP data, brain levels of 2-AG in JW651-treated mice were elevated 10-
fold with concomitant reductions in the MAGL product arachidonic acid (AA)
(Supplementary Figure S1). On the other hand, levels of other brain lipids, such as the
fatty acid amide hydrolase (FAAH) substrate N-arachidonoylethanolamide (AEA), were
unaffected by JW651 treatment, indicating that FAAH, a common off-target for MAGL
inhibitors,(36: 47) was not affected by JW651. These data, taken together, suggested that the
simplified 1-(4,4'-dichlorobenzhydryl)piperazine scaffold was well-suited for carbamate
reactivity profiling in vitro and in vivo.
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In Vitro Evaluation of Carbamate Chemotypes

Having established that JW651 maintains activity and selectivity towards MAGL, we next
prepared a series of 1-(4,4'-dichlorobenzhydryl)piperazine probes bearing alternative
carbamate leaving groups (Figure 3a). O-aryl carbamates are known to inhibit numerous
serine hydrolases,?”) and we therefore synthesized unsubstituted O-phenyl carbamate
JW843 and its more reactive PNP counterpart (JW842). We also prepared O-trifluoroethyl
(TFE) carbamate JW814 as a less activated variant of JW651. Finally, we prepared NHS
carbamate MJIN110, the NHS leaving group of which we postulated might mimic the head
group of 2-AG and possibly engage in favorable H-bonding interactions with His131 and
Tyr204 within MAGL's active site.(4)

Each carbamate was initially evaluated by competitive ABPP with FP-Rh in mouse brain
proteomes in vitro (Figure 3b, Supplementary Table S1). As expected, the PNP (JW842)
and HFIP (JW651) carbamates inhibited MAGL (and ABHDG6) with much greater potency
than their less reactive phenyl (JW843) and trifluoroethyl (JW814) carbamate counterparts,
respectively. These data underscore the importance of carbamate electrophilicity for MAGL
inhibition. Notably, the NHS carbamate MIN110 displayed the highest MAGL and ABHD6
inhibitory activity and was surprisingly selective, with LYPLAZ1/2 being the only other off-
targets observed below 100 uM.

While competitive ABPP with FP-Rh is ideal for monitoring inhibition across the serine
hydrolase class, this strategy does not provide a complete picture of reactivity across the
entire proteome. Click chemistry (CC)-ABPP (33.34) s better suited for this purpose, as it
gives a direct readout of covalent probe-protein interactions through the use of an alkyne-
bearing inhibitor, which can be detected by conjugation with a rhodamine-azide (Rh-N3)
reporter tag using copper-catalyzed azide-alkyne cycloaddition chemistry.(48) We therefore
next prepared clickable analogues of each carbamate agent by replacing a single chloro
group with an alkyne group. Mouse brain proteomes were then treated with varying
concentrations of each click probe for 30 min at 37 °C, split into two fractions and reacted
with either FP-Rh to assess serine hydrolase activity or Rh-N3 to provide a more
comprehensive portrait of proteome reactivity. Proteomes treated with FP-Rh revealed that
the exchange of the chloro substituent for the alkyne had only modest effects on probe
activity against MAGL, ABHDS®, and other serine hydrolases, although a slight increase in
inhibitory activity against FAAH was observed for JW842yne (compare Figure 3b and 4a).
CC-ABPP of proteomes confirmed that MAGL and ABHDG6 were indeed the primary targets
of each carbamate (Figure 4b), with JW842yne also displaying some cross-reactivity with
FAAH, as expected from the competitive ABPP analysis (Figure 4a). Click probes based on
the most potent carbamate inhibitors (JW651yne and MIN110yne) could detect MAGL
reactivity at probe concentrations as low as 10 nM (Figur e 4b). Most revealing were
differences in the background labeling profiles observed at high concentrations of each
probe. MIN110yne showed the highest degree of background proteome reactivity that
became apparent at 10 1M probe and more dramatic at 100 pM probe. Notably, this degree
of background proteome reactivity could not have been predicted from its competitive
ABPP profiles, which were limited to analyzing serine hydrolases (Figur e 4a). Coomassie
staining of the brain proteome gels revealed that MJN110yne's off-target reactivity aligned,
at least in some cases, with abundant proteins (Supplementary Figure S2), which may
indicate that the broader proteome reactivity reflects low-level modification of highly
expressed proteins. Other carbamates showed much more limited background proteome
reactivity (even at concentrations up to 100 pM) that also corresponded to weak signals
comigrating with highly abundant brain proteins.
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In Vivo Evaluation of PNP, HFIP and NHS Carbamates
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To obtain a more physiologically relevant portrait of inhibitor-proteome interactions, we
orally administered the three most MAGL-active clickable probes, JW842yne, JW651yne
and MJIN110yne (1-40 mgekg1, 4 h), to mice and analyzed their brain and liver proteomes
by competitive and CC-ABPP. Competitive ABPP experiments showed that JW651yne and
MJIN110yne substantially inhibited MAGL in the brain at doses as low as 5.0 mgekg ™1,
while JW842yne proved to be less active (Figure 5a). The only detectable off-target activity
for JW651yne and MJN110yne was ABHD6. JW842yne, on the other hand, produced strong
inhibition of FAAH at doses of 10 mgekg or greater. CC-ABPP provided the expected
complementary portrait of direct labeling of MAGL, ABHD6, and FAAH by each probe,
although low-level cross-reactivity with 60 kDa and 20-25 kDa proteins was observed at
higher doses (= 10 mgekg™1) of MIN110yne (Figure 5b). Based on the in vitro competitive
ABPP profile for MIN110yne (Figure 5a), we believe that these cross-reactivities
correspond to FAAH and LYPLAL/2, respectively. That labeling of FAAH and LYPLAL/2
was not detected in MIN110yne-treated mice by competitive ABPP further indicates that
these cross-reactivities likely constitute low target occupancy events in vivo. Importantly,
our CC-ABPP experiments did not reveal broader background proteome labeling in vivo for
MJN110yne or the other carbamate probes across the entire tested dose range (Figure 4a).

We also examined liver proteomes from probe-treated mice to assess cross-reactivity with
carboxylesterases (CESs), a sub-family of 50-65 kDa serine hydrolases that are common off-
targets for carbamate inhibitors.(2”) Competitive ABPP confirmed potent inactivation of
MAGL in liver by JW651yne and MIN110yne, but not JW842yne, with little or no evidence
of inhibition of CESs by any of the probes (Figure 5c). CC-ABPP, however, revealed that
each carbamate probe showed some degree of cross-reactivity with CESs, with JW842yne
exhibiting the strongest CES labeling profile, followed by MIN110yne, and JW651yne
displaying very limited CES interactions (Figure 5d). Once again, because these CES
interactions were not detected by competitive ABPP, we suspect that they reflect low or
partial target engagement events or, alternatively, the inhibition of lower abundance targets
that are obscured by co-migrating serine hydrolases in competitive ABPP gels.

Taken together, our in vivo assessment revealed that clickable carbamate probes show
excellent overall selectivity for MAGL in mice, exhibiting only modest and incomplete
cross-reactivity with a handful of additional serine hydrolases in brain and liver and very
little, if any evidence of broader reactivity across the proteome. The HFIP carbamate, in
particular, was distinguished by high potency and exquisite selectivity for MAGL and
ABHDG6. We therefore next explored whether the HFIP carbamate could be modified to
create imaging probes for visualizing the activity of these endocannabinoid hydrolases in
living cells.

Development of an In situ Imaging Probe for MAGL and ABHD6

MAGL and ABHDG, despite both exhibiting 2-AG hydrolytic activity, are predicted to
diverge in their subcellular distributions, as ABHDS is an integral membrane enzyme with a
single N-terminal transmembrane domain and MAGL is a soluble enzyme that appears to
peripherally associate with membranes. Indeed, initial immunofluorescence studies have
indicated that MAGL and ABHD®6 are localized to the pre-(49) and post-synaptic®®?) regions
of neurons in the mouse brain, respectively. Tools that could more precisely define the
distribution of MAGL and ABHDG6 activity in cells could further help to differentiate the
distinct functions of these enzymes.

The remarkable specificity displayed by HFIP carbamates for MAGL and ABHD6
suggested that simple tethering of this reactive group to a hydrophobic fluorophore could
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engender construction a dual-enzyme imaging probe for these endocananbinoid hydrolases.
Based on previous success using the BODIPY fluorophore to create activity-based imaging
probes,®1 52) we synthesized the fluorescent HFIP carbamate probe JW912 (Figure 6a). To
confirm JW912's activity and selectivity for MAGL and ABHDS6, we first treated mouse
brain homogenates with increasing concentrations of the fluorescent probe and divided each
sample into two parts, one that was directly quenched with SDS loading buffer, and the
other that was treated with FP-Rh. Both samples were then analyzed by gel-based ABPP,
which revealed selective labeling and inhibition of MAGL and ABHD6 at JW912
concentrations as low as 100 nM (Figure 6b, ¢). Importantly, no significant cross-reactivity
was observed by either competitive (imaging of the Rh fluorophore) or direct (imaging of
the BODIPY fluorophore) ABPP up to 10 pM JW912,

While JW912 did not discriminate between MAGL and ABHD6, we reasoned that the
respective subcellular distributions of these enzymes could be imaged with this single probe
by competition with selective inhibitors. We first set out to test whether JW912 could image
MAGL and ABHD6 by studying cell lines that endogenously express one, but not both of
these enzymes. Analysis of published gene expression®3) and activity-based proteomic(®4
data sets indicated that H29 and Neuro2A cells selectively express MAGL and ABHDS,
respectively. Consistent with these predicted expression profiles, we observed selective
labeling of proteins in H29 and Neuro2A cells by JW912 (100 nM, 2 h) with molecular
masses that matched MAGL and ABHDS, respectively, and, more importantly, these
labeling events were selectively blocked by the MAGL and ABHD®6 inhibitors JW651 and
KT195 44, respectively (Figure 7a, b).

We next imaged MAGL and ABHD® activities in H29 (Figure 7c) and Neuro2A (Figure
7d) cells, respectively, using confocal fluorescence microscopy. Using the BODIPY and
DAPI channels to detect JW912 staining and nuclear DNA, respectively, we observed
prominent JW912-dependent labeling localized to intracellular membrane compartments in
both H29 and Neuro2A cells. These signals were completely blocked by pretreatment with
JW651 and KT195, respectively. Conversely, pretreatment of H29 cells with KT195 or
Neuro2A cells with JW651 had no effect on JW912-labeling. These results demonstrate that
JW912 can be used to image both MAGL and ABHDG activity in cells.

Of course, many cell types express both MAGL and ABHDG, and, while JW912 reacts with
both of these enzymes, we reasoned that their respective subcellular distributions could
potentially be imaged with this single probe by competition with selective inhibitors (Figure
7€). Using the human prostate cancer cell line PC3 —which expresses both enzymes(®®)—as
a model system, we first treated cells with either DMSO, JW651 (10 nM), KT195 (10 nM),
or both inhibitors for 2 h and then with JW912 (100 nM) for an additional 2 h. Competitive
and direct ABPP profiles confirmed that ABHD6 or MAGL could be selectively labeled
with JW912 by pre-blocking with the complementary inhibitor (Figure 7f). Note here that
the relative gel migration patterns for human MAGL and ABHD®6 differ slightly from those
observed in mouse tissues, with human ABHD6 migrating between (rather than below) the
two MAGL isoforms. We next imaged PC3 cells treated under these same conditions using
confocal fluorescence microscopy (Figure 7g). We observed BODIPY fluorescence on
intracellular membranes distributed throughout PC3 cells treated with JW912, and these
signals were blocked by pre-treatment with both JW651 and KT195, but not by either
inhibitor alone. Cells pretreated with KT195 or JW651 both exhibited punctate JW912-
staining patterns, indicating that MAGL and ABHD6 might partially overlap in their
respective subcellular distributions in prostate cancer cells. While further studies will be
needed to define the types of membranous structures that harbor ABHD6 and MAGL, the
predominant perinuclear staining pattern of ABHD6 appears to be consistent with
distribution to the endoplasmic reticulum, while the more diffuse, punctate staining for
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MAGL may indicate additional localization to endosomal or other intracellular
organelles.(51)

Conclusions

Methods

Materials

Our aim in this study was to determine the proteome-wide reactivity profiles for a series of
irreversible serine hydrolase inhibitors based on the carbamate electrophile. Using a
combination of competitive and CC-ABPP, we found that each of the carbamates tested
maintained good selectivity for inhibiting serine hydrolases and, in general, displayed very
limited reactivity across the greater mammalian proteome. This selectivity profile was
especially evident in vivo. While we do not yet fully understand why the background
proteome reactivity observed for the NHS carbamates was avoided in vivo, we believe that
this finding underscores the importance of evaluating the selectivity of enzyme inhibitors
directly in living systems, where protein complexes and other subcellular structures are
preserved. That the NHS carbamate MJIN110yne also showed excellent potency for
inhibiting MAGL in mice designates this compound, and its parent agent MIN110, as
worthy of future investigation as a pharmacological probe for studying endocannabinoid
pathways in vivo. The HFIP carbamate stood out in terms of showing exceptional selectivity
for the 2-AG hydrolases MAGL and ABHD6 and minimal cross-reactivity with other serine
hydrolases or the greater mammalian proteome in vitro and in vivo. We leveraged the
specificity of HFIP carbamates to create a fluorescent activity-based imaging probe for
MAGL and ABHD6 and used this reagent JW912, in combination with selective inhibitors,
to visualize the subcellular distributions of endocannabinoid hydrolases in prostate cancer
cells. We should also note that tailored activity-probes like JW912 also provide a means to
detect enzyme activities by gel-based ABPP that may be difficult to visualize using broad-
spectrum probes to the presence of more abundant, co-migrating enzymes (e.g., see the
ABHD®6 signals in the FP-Rh and JW912 profiles for Neuro2A cells; Figure 7b). JW912
thus joins a growing collection of small-molecule probes that can be used to image enzyme
activities with good selectivity in living systems.(®1. 56, 57)

Projecting forward, our study establishes benchmark reactivity profiles for various
carbamates, which should guide future efforts to develop selective, irreversible inhibitors
and activity probes for serine hydrolases. Recent work from our lab and others has also
identified other chemotypes, such as heterocyclic ureas(28: 58-61) and activated lactam, (@4 for
the irreversible inhibition of serine hydrolases, and it would be interesting, in the future, to
more thoroughly evaluate these alternative scaffolds by competitive and CC-ABPP. From a
methodological perspective, our results emphasize the complementary value of competitive
and CC-ABPP methods for evaluating irreversible inhibitors. Competitive ABPP can be
used to quantify the extent of inhibition of enzymes in proteomes and living systems, while
CC-ABPP enables a global assessment of the reactivity of inhibitors across the proteome.
Together, competitive and CC-ABPP provide a general platform to determine target
engagement and proteome-wide specificity for any irreversible probe in a wide range of
biological systems. In this manner, irreversible inhibitors can be optimized to ensure that
they display the requisite potency and selectivity for use as chemical probes and possibly
even therapeutic agents.

All commercially available chemicals were obtained from Sigma-Aldrich, Acros, Fisher,
Fluka, or Maybridge and were used without further purification, except where noted. FP-Rh
and JZL184G7) were prepared according the previously reported methods. LC/MS lipid
standards were purchased from Cayman Chemical. Detailed synthetic procedures and
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experimental data for JW842, JW842yne, JW843, JW843yne, JW814, JW814yne, JW651,
JW651yne, MIN110 and MJIN110yne are provided in the Supplemental Information.

In vitro competitive activity-based protein profiling—Proteomes (50 pL, 1.0 mg/ml
total protein concentration) were preincubated with either DMSO or 1 — 100,000 nM
concentrations of inhibitors at 37 °C. After 30 min, FP-Rh (1.0 pL, 50 pM in DMSO) was
added and the mixture was incubated for another 30 min at room temperature. Reactions
were quenched with SDS loading buffer (17 L - 4X) and run on SDS-PAGE. Following gel
imaging, serine hydrolase activity was determined by measuring fluorescent intensity of gel
bands corresponding to MAGL, ABHD6 and FAAH using ImageJ 1.43u software.

Click chemistry-ABPP—Brain membrane and liver membrane proteomes from either
naive (in vitro) or inhibitor-treated (in vivo) mice were diluted to 1.0 mg/mL prior to use.
Tissues were harvested and prepared for analysis according to previously reported
methods.(38) Note: It is beneficial to remove the soluble fraction from liver proteomes due to
its adverse effects on the click reaction. Using previously developed methods, 3% Rh-N3 was
conjugated to each alkyne probes for in-gel analysis. Briefly, CuSOy4 (1.0 pL/reaction, 50
mM in H,0), TBTA (3.0 pL/reaction, 1.7 mM in DMSO:t-BuOH [1:4]), TCEP (1.0 pL/
reaction, 50 mM in H,O [freshly prepared]) and Rh-N3 (1.0 pL/reaction, 1.25 mM in
DMSO) were premixed. This click reagent mixture (6.0 pL total volume) was immediately
added to each proteome (50 pL, 1.0 mg/mL protein concentration) and the reaction was
stirred by briefly vortexing. After 1 h at room temperature, reactions were diluted with 4X
SDS loading buffer (17 L) and resolved by SDS-PAGE.

In vivo administration of carbamate probes—Carbamate inhibitors were
administered to C57BI/6J mice in a vehicle of either saline:emulphor:ethanol (18:1:1) for
intraperitoneal injections or PEG300 (Fluka) for administration by oral gavage. After the
indicated dosing regimens, the mice were anesthetized using isoflurane and sacrificed by
cervical dislocation and tissues were harvested and flash frozen in liquid N,. Tissue
proteomes were prepared for competitive and CC-ABPP using the same protocol which has
been previously described.(36) The studies were performed with the approval of the
Institutional Animal Care and Use Committee at The Scripps Research Institute in
accordance with the Guide for the Care and Use of Laboratory Animals.

In situ JW912 treatment of cancer cells

JW912 was dissolved in DMSO and diluted into media or buffer prior to cell or proteome
treatment, respectively. For in vitro treatment, final DMSO concentration was 4%. For in
situ treatments of cells for ABPP, 2 x 106 cells were seeded in 6 cm dishes (100%
confluency) 24 h prior to JW912 pretreatment with or without JW651 and KT195 (in DMSO
at 0.1% final concentration) in serum-free media (3 ml) for the designated time before
harvesting cells for ABPP.

Competitive ABPP Experiments

For ABPP experiments, cell lysate and tissue proteomes were treated with 1 XM FP-Rh for
30 min at room temperature (50 XI total reaction volume). Reactions were quenched with
one volume of standard 4x SDS/PAGE loading buffer (reducing), separated by SDS/PAGE
(10% acrylamide), and visualized in-gel with a Hitachi FMBio lle flatbed fluorescence
scanner (MiraiBio). For experiments involving a preincubation with JW912 in the presence
or absence of the non-fluorescent competitor JW651 and KT195, the reactions were
prepared without FP-Rh. JW912 were added at the indicated concentration and incubated for
the indicated time at 37°C. FP-Rh was then added and the reaction was carried out exactly as
described above.
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Fluorescence Microscopy Assays

For fluorescence microscopy experiments, 5 x 10° cells were plated on glass coverslips in
media containing 10% FBS at 37°C under 5% CO, and allowed to settle overnight. Cells
were washed with PBS twice prior to in situ treatment with JW651 or KT195 at the
indicated concentration for 4 h in serum-free media. Following pre-treatment with JW651,
KT2195 or DMSO control, cells were washed twice with PBS and subsequently treated with
the indicated concentration of JW912 in fresh media. After incubation for the indicated time,
cells were washed twice with PBS and fixed at 25°C for 15 min in 3.7% (w/v)
paraformaldehyde in PBS. Fixed cells were then stained with DAPI (Sigma Aldrich), Far-
red Wheat-germ agglutinin (Invitrogen) and/or ER-Tracker Red (Invitrogen) according to
manufacturers recommendations for 1 h at 25°C. For image acquisition, processed
coverslips were mounted on microscope slides and confocal images were acquired using a
fully tunable, filter-based emission collection system (Bio-Rad(Zeiss) Radiance 2100
Rainbow laser scanning confocal microscope) using identical acquisition parameters within
experiments. Post-acquisition processing (multi-channel overlay, scale bar addition) was
performed using ImageJ software (NIH).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mechanism of serine hydrolase inhibition by carbamates.
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Design and in vitro and in vivo characterization of JW651. (a) Structures of previously
developed MAGL inhibitors JZL184 and KML29 leading to the simplified
benzhydrylpiperazine scaffold of JW651. (b) In vitro competitive ABPP of JW651 using the
serine hydrolase-directed probe FP-Rh in the membrane fraction of the mouse brain
proteome. JW651 potently and selectively inhibits FP-Rh labeling of MAGL, with ABHD6
being the only detectable off-target (up to 100 pM JW651). (c) In vivo competitive ABPP of
brain proteomes isolated from JW651-treated mice (1.0 — 40 mgekg1, p.o.) 4 h after
administration. JW651 completely inhibits MAGL in the brain at doses as low as 5 mgekg™!
(See also Supplementary Figure S1 for endocannabinoid levels in the brain for JW651

treated mice).
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Development of carbamate probes and profiling their reactivity against brain serine
hydrolases by competitive ABPP. (a) Structures of parent (R = CI) and clickable (R =
alkyne) carbamate probes with varying leaving groups. (b) In vitro competitive ABPP of
mouse brain showing that leaving groups have a significant effect on serine hydrolase
reactivity. See also Supplementary Table S1 for calculated ICgq values for MAGL,

ABHD6
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Figure4.

Competitive and CC-ABPP of clickable carbamate probes in vitro. (a, b) In vitro
competitive ABPP (a) and CC-ABPP (b) of mouse brain membrane proteomes treated with
the indicated concentration of clickable carbamate probes. Each inhibitor labels MAGL and
ABHD6—and in the case of JW842yne, FAAH—to varying degrees and also shows a
limited number of off-targets (denoted with red asterisks and brackets in (b)), which were
not detected by competitive ABPP with the FP-Rh probe (a). See also, Supplementary
Figure S2 for Coomassie stain of brain proteomes showing that these off-targets comigrate
with highly abundant proteins. Note further that MIJN110yne exhibits a more extensive off-
target labeling profile at high (10 1M or greater) concentrations of probe.
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Competitive and CC-ABPP of clickable carbamate probes in vivo. (a—d) Competitive ABPP
of brain (a) and liver (c) membrane proteomes isolated from mice treated with indicated
doses of each carbamate (1.0 — 40 mgekg1, p.o.). CC-ABPP for the same brain (b) and liver
(d) proteomes derived from vehicle- or inhibitor-treated mice. Each inhibitor shows clear
labeling of MAGL and ABHD® in the brain, while FAAH is labeled by JW842yne and, to
lesser extent, by MJIN110yne. Liver profiles reveal differing degrees of off-target cross-
reactivities for each carbamate with JW651yne exhibiting the highest selectivity across the
proteome.
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Figure®6.

Development of an activity-based imaging probe for MAGL and ABHDS. (a) Structure of
JW912 imaging probe highlighting the HFIP carbamate group, which directs this probe to
MAGL and ABHDG, and the BOPIDY fluorophore, which allows visualization. (b)
Competitive ABPP for JW912 showing selective inhibition of MAGL and ABHD6 over
other serine hydrolases in the brain. (c) BODIPY channel gel image revealing that JW912
selectively labels MAGL and ABHDG6 at concentrations below 10 1M across the proteome.
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In situ activity-based imaging of MAGL and ABHD6 in cancer cells with JW912. (a-g)
Competitive ABPP (FP-Rh) and direct labeling (BODIPY) profiles for H29 (a), Neuro2A
(c), and PC3 (f) cells labeled with JW912 (100 nM) following treatment with either DMSO,
KT195 (10 nM), or JW651 (10 nM). Confocal imaging of H29 (b), Neuro2A (d), and PC3
(9) cells treated with JW912 + JW651 (10 nM), KT195 (10 nM) or both to inhibit labeling
of MAGL, ABHD® or both, respectively. (e) Strategy used to selectively image either
MAGL or ABHD6 with JW912 in PC3 cells which express both enzymes. Scale bars =5

pm.
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