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Chapter 1

In 1995, Cravatt and colleagues reported the identification of a sleep-inducing lipid, oleamide
(N-oleoylamine), which was isolated from the cerebrospinal fluid of sleep-deprived cats.!
Oleamide was found to be rapidly hydrolyzed to oleic acid by an unidentified membrane-bound
enzyme, whose activity was completely inhibited by phenylmethylsulfonyl fluoride (PMSF, 3).
They used this information to isolate the enzyme by making use of affinity beads modified with
a covalent reversible inhibitor to purify the enzyme from rat liver plasma membranes, followed
by amino acid sequencing and genomic analysis.? The enzyme identified was fatty-acid amide
hydrolase (FAAH). FAAH also proved to be responsible for the hydrolysis of the amide bond
of the endocannabinoid N-arachidonoylethanolamine (AEA, anandamide)®, which is an
endogenous agonist of the cannabinoid receptors type 1 and 2 (CB:R and CB2R). FAAH
thereby effectively terminates the signaling of AEA. FAAH belongs to the enzyme family of
serine hydrolases, which employ a catalytic serine residue to hydrolyze their substrates. A large
number of serine hydrolases had been identified, but the biological function of many members
was unknown due to the lack of specific chemical tools. Inhibitors containing
fluorophosphonates (FP) were previously shown to be highly reactive to serine hydrolases.*®
Inspired by this observation, Cravatt and his team designed and synthesized FP-biotin, a broad-
spectrum inhibitor containing a fluorophosphonate warhead and a biotin as reporter tag, thereby
creating the very first activity-based probe (ABP), to study the activity of serine hydrolases in
complex biological systems.® FP-biotin labeled FAAH as well as other serine hydrolases in an
activity-dependent manner in cell and tissue lysates by covalent binding to the nucleophilic
serine residue. This seminal paper can be considered the foundation of activity-based protein
profiling (ABPP) for the identification and investigation of the metabolic enzymes and their
inhibitors. In follow-up studies, an avidin-based isolation method was generated which enabled
the rapid and simultaneous identification of multiple FP-biotinylated serine hydrolases after
trypsin digestion and mass spectrometry (MS) analysis.”® These early papers showed the
potential of ABPP for the efficient discovery and profiling of inhibitors for serine hydrolases.
In this Chapter, we will focus on the role of ABPP in the discovery of inhibitors for the
biosynthesis and metabolism of ana and 2-arachidonoylglycerol (2-AG), another endogenous
agonist of CB1R and CB2R. We will discuss the biological effects of the inhibitors in disease
models and their therapeutic applications, but first we will start with a brief introduction of the
endocannabinoid system (ECS).

1.1 The endocannabinoid system

AEA and 2-AG are the two main endocannabinoids that activate CB1R and CB:zR to modulate
various biological processes, such as neurotransmission, synaptic plasticity, memory formation
and learning, locomotion, mood, pain sensation and immune response.*!® Both
endocannabinoids are produced ‘on demand’ from membrane phospholipids and rapidly
inactivated by metabolic enzymes after actions.!* The biosynthesis and metabolism of each
endocannabinoid is mediated by multiple enzymes (Figure 1.1).12 The endocannabinoids, their
biosynthetic and metabolic enzymes and cannabinoid receptors constitute the ECS. In the first
step of AEA biosynthesis, phospholipase A2 group IVE (PLA2G4E)® or phospholipase A1/2
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acyltransferase 1-5 (PLAAT1-5) transfer the arachidonoyl moiety at the snl position from
phosphatidylcholine (PC) to phosphatidylethanolamine (PE) to form N-arachidonoyl-
phosphatidylethanolamine. PLA2GA4E is a Ca?*-dependent serine hydrolase, whereas PLAAT1-
5 are cysteine hydrolases. Subsequently, N-arachidonoyl-phosphatidylethanolamine is
hydrolyzed to AEA by N-acylphosphatidylethanolamine phospholipase D (NAPE-PLD)® in
one step or by the combined actions of other enzymes, including o/p-hydrolase domain-
containing 4 (ABHD4)'®, GDE1'’, GDE4'8 or GDE7.1® AEA is degraded to arachidonic acid
(AA) and ethanolamine by FAAH? and to minor extent by N-acylethanolamine acid amidase
(NAAA).?° The biosynthesis of 2-AG from phosphatidylinositol-4,5-biphosphate (PIP2) is
mediated by the consecutive actions of phospholipase C-B (PLCP) and sn-1 specific
diacylglycerol lipase o and P (DAGLs).?* 2-AG is metabolized to AA and glycerol,
predominantly by monoacylglycerol lipase (MAGL) and to a lesser extent by ABHD6 and
ABHD12.2 Inhibitors are required to study the biological effects of these enzymes in an acute
and spatiotemporal manner. In the sections below, we will discuss how ABPP enabled the
discovery of highly potent and selective inhibitors for the ECS enzymes.
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Figure 1.1 Overview of major metabolic pathways of the endocannabinoids AEA and 2-AG that activate the
cannabinoid receptors type 1 and 2. PLA2GA4E or PLAAT1-5 transfer the arachidonoy! group from PC to the amine
of PE to produce NAPEs, which are subsequently hydrolyzed mainly by NAPE-PLD to form AEA. AEA is
metabolized by FAAH and to minor extent by NAAA to AA and ethanolamine. PLCB converts PIP, to
diacylglycerol (DAG). DAG is hydrolyzed by DAGLSs to 2-AG, which is in turn degraded by MAGL, ABHD6 or
ABHD12. PLA2G4E, FAAH, DAGLSs, MAGL, ABHDG6 and ABHD12 are serine hydrolases.

1.2 Development of broad-spectrum ABPs for ECS enzymes

ABPs can be classified into two categories: broad-spectrum ABPs and tailored ABPs.? Broad-
spectrum ABPs enable target identification and parallel profiling of protein families to evaluate
potency and selectivity of inhibitors. Tailored ABPs, based on specific inhibitors, are ideal for
identifying potential off-targets in situ and in vivo, visualizing and evaluating the localization
of proteins in cells, tissues and organisms. Two types of broad-spectrum ABPs have been
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developed to study serine hydrolases, i.e. FP-based probes®?* and B-lactone-based probes?*?
(Table 1.1).

Table 1.1 Overview of broad-spectrum activity-based probes (ABPs) for ECS enzymes.

Labeling

Chemotype Probe Structure )
profile

Fluorophosphonates  FP-based Serine

(FP) probes hydrolases,

including
FAAH,
MAGL,
DAGLa,
DAGLS,
ABHDS,
&m“\/\/\/“\n/\/\\vs‘;}"“ ABHD12,
! ! A, PLA2GAE,

FP-biotin
CES enzymes

FP-BODIPY

[-lactones B-lactone- Serine and
based cysteine

\NHCHO
hydrolases,

probes COoH
\_J(/\/w/\ . B,N ) including
% DAGLa/B,

MB064 ABHDS,
o ABHD12,
WHJJ\/V//Q ABHDlGa,
HNVNH DDHD?2,
MB108 o
PLAATS

As discussed in the introduction, FP-TAMRA?* (also known as FP-rhodamine) and FP-
biotin® label multiple serine hydrolases of the ECS, such as FAAH, MAGL, DAGLo, DAGLS,
ABHDG6 and ABHD12. This allowed assessment of ECS inhibitor activity and selectivity in
cells and brain proteomes. For example, oleoyl trifluoromethyl ketone (TFMK, 2) was revealed
to react with multiple brain membrane serine hydrolases by ABPP with FP-biotin.” By
combining ABPP with targeted lipidomics, MAGL was demonstrated to be the most prominent
2-AG hydrolase in mouse brain followed by ABHD12 and ABHDG6, accounting for ~85%, ~9%
and ~4% of the total hydrolase activity respectively.?? In addition, PLA2G4E was identified by
using FP-biotin as the canonical N-acetyltransferase (NAT), which is responsible for the Ca?*-
dependent formation of NAPEs.®® To extend the chemical toolbox for serine hydrolases,
Janssen et al. synthesized and characterized a new fluorescent FP-probe, FP-BODIPY.?’
Despite containing the same FP warhead, FP-BODIPY was able to label different serine
hydrolases in mouse brain lysate compared to FP-TAMRA, which may be due to its higher
lipophilicity. This would promote its interaction with membrane proteins resulting in enhanced
labeling of several membrane-bound serine hydrolases including DAGLa.
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Next to FP-based probes, B-lactone-based probes MB0642 and MB1082°, have been used
to label serine hydrolases of the ECS. These probes were based on tetrahydrolipstatin (THL,
Orlistat, 1), which is an FDA-approved drug for the treatment of obesity and was initially
reported to covalently inhibit pancreatic and gastric lipases.2-3° In 2003, Bisogno et al.
reported the identification of DAGLo and DAGL and found that they were potently inhibited
by THL.2! A series of THL derivatives was synthesized and investigated as DAGL inhibitors,
which led to the discovery of OMDM-188.3! Biochemical assays using radiolabeled natural
substrates showed good selectivity of OMDM-188 for DAGL over FAAH and MAGL.
However, competitive ABPP studies for THL and OMDM-188 were unavailable at that time
due to the lack of broad-spectrum ABPs targeting DAGLa. To develop ABPs for DAGLa,
Baggelaar et al. designed a fluorescent probe MB064?° and a biotinylated probe MB108.2°
These B-lactone-based probes have a more restricted labeling profile in comparison with FP-
based probes and they were proven to label the serine hydrolases ABHD6, ABHD12 and
cysteine hydrolases PLAATS.®? The selectivity of THL and OMDM-188 was evaluated in
ABPP studies by using these probes and the results revealed their cross reactivity to several
ABHD enzymes and phospholipase DDHD?2. A probe cocktail of MB064 and FP-BODIPY was
developed to visualize most ECS enzymes in tissue samples in a single experiment, which
promoted the efficiency of selectivity assessments.?” A combination of MB108 and FP-biotin
was employed in label-free quantitative proteomics to assess the protein interaction landscape
of DAGL inhibitor DH376 in diverse organs.®

1.3 Development of selective inhibitors and tailored ABPs for ECS
enzymes

Early serine hydrolase inhibitors, such as THL (1), TFMK (2), PMSF (3) and RHC80267 (4),
lacked selectivity required for in vivo investigation of FAAH, MAGL and DAGL (Figure 1.2).
The discovery of highly potent and selective inhibitors has benefited greatly from the
application of ABPP. Numerous inhibitors for ECS enzymes have been reported and most of
them can be classified into 3 main chemotypes: a-ketoheterocycles, carbamates and ureas.
There are also specific chemotypes for several ECS enzymes, such as glycine sulfonamides for
DAGLs, thioureas for ABHD12, a-ketoamides for PLAATS, and pyrimidine-4-carboxamides
for NAPE-PLD. In addition, various tailored ABPs have been developed based on selective
inhibitors, which were used to study their selectivity across the entire proteome in situ and in
vivo and to visualize target activity in cells and intact tissues. In the following sections we will
discuss the various inhibitor chemotypes profiled with ABPP.



Chapter 1

ANHCHO
T o
(o]
OO//‘ \/\/\/\/_\/\/\/\)?\
R —

THL (1) TFMK (2)

il
©/g “F O//N\OJ\N/\/\/\/N\H,O\N/
H )

PMSF (3) RHC 80267 (4)

Figure 1.2 Non-selective serine hydrolase inhibitors.

1.3.1 a-ketoheterocycle-based inhibitors for FAAH and DAGL

a-ketoheterocycles were initially disclosed by Edwards et al. as effective protease inhibitors.3*
The electrophilic carbonyl of a-ketoheterocycles reversibly reacts with the catalytic serine to
form a hemiketal intermediate. Boger et al. reported the development of a-ketoheterocycles as
highly active FAAH inhibitors in 2000 (Figure 1.3).%° Leung et al. employed ABPP with FP-
based probes to assess both potency and selectivity of this chemotype for multiple serine
hydrolases and identified two off-targets, namely triacylglycerol hydrolase (TGH) and neutral
cholesterol ester hydrolase 1 (KIAA1363).8 Structure-activity relationship (SAR) studies for a-
ketoheterocycles afforded OL-135 (5) as a potent FAAH inhibitor with nanomolar activity and
excellent selectivity over TGH (>10000-fold) and KIAA1363 (300-fold).%® Moreover, OL-135
elevated brain AEA levels and promoted CB2-dependent analgesia in spinal nerve ligation
model of neuropathic pain.®” However, OL-135 showed a relatively short in vivo duration of
action. Structural studies of FAAH with OL-135 derivatives®“° revealed that the adjacent
Cys269 could be covalently and irreversibly trapped by a cysteine warhead to improve potency
and in vivo half-life. Therefore, a series of OL-135 analogues (e.g. 6) with different types of
cysteine-targeted warheads were developed.***?> ABPP studies showed that the most promising
compounds exhibited higher potency than OL-135 and good selectivity for FAAH over TGH,
KIAA1363, MAGL and ABHDG6. Moreover, these compounds increased brain N-
acylethanolamine (NAE) levels and exhibited sustained (> 6 h) antinociceptive activity in a
model of neuropathic pain.*?
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Figure 1.3 Covalent reversible FAAH and DAGL inhibitors based on a-ketoheterocycle warhead.

Using pharmacophore models, Baggelaar et al. discovered an a-ketoheterocycle
compound, LEI-104 (7), an OL-135 analogue, as the first covalent reversible inhibitor for
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DAGLa. Competitive ABPP using MB064 and FP-TAMRA confirmed FAAH as an off-target
of LEI-104. Screening a large focused library (>1000 compounds) of a-ketohetercycles
established the SAR.* Structure-guided design led to the development of LEI-105 (8) as a
highly potent inhibitor for DAGLo and DAGL.?® Competitive ABPP using p-lactone-based
probes and FP-based probes indicated that LEI-105 was more selective than LEI-104, because
it did not target FAAH or any other serine hydrolase. Biological studies showed that LEI-105
dose-dependently decreased 2-AG levels without modulating AEA levels in Neuro2A cells.
LEI-105 treatment significantly suppressed depolarization-induced suppression of inhibition
(DSI) in mouse hippocampal slices, thereby confirming the ‘on demand’ model'! of
endocannabinoid production.

1.3.2 Carbamate-based inhibitors for FAAH and MAGL

Another frequently encountered chemotype in serine hydrolase inhibitors are the carbamates.
For example, URB597 (9), based on O-aryl carbamate, was reported as a potent, selective and
in vivo active FAAH inhibitor in 2003 (Figure 1.4B).** In vivo studies showed that
administration of URB597 elevated brain AEA levels without modifying 2-AG levels and
exerted anti-nociceptive and anxiolytic effects in animal models. Kinetics and dialysis studies
indicated the irreversible interaction of URB597 with FAAH, possibly via its active serine
residue. Alexander and Cravatt confirmed the carbamylation of the catalytic residue Ser241
using MS analysis (Figure 1.4A).*° To directly identify in vivo targets of FAAH-directed
carbamates, a click-chemistry probe JP104 (10) was synthesized and employed.
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Figure 1.4 (A) Mechanism of carbamate-based serine hydrolases inhibitors. (B) Covalent irreversible inhibitors
and probes based on carbamates targeting MAGL and FAAH.
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ABPP studies identified FAAH as the primary target of JP104 in brain. Several
carboxylesterases (CES) were identified enzymes as the off-targets in peripheral organs.**“¢ To
improve selectivity and in vivo stability, a second generation of carbamate-based FAAH
inhibitors was developed.*” The representative compound URB694 (11) showed attenuated
activity to CES enzymes and improved in vivo metabolic stability. URB937 (12) was
peripherally restricted and exhibited antinociceptive effects in rat models of peripheral nerve
injure and inflammation. 849

In an extensive competitive ABPP screening of carbamate-based compounds, WWL98
was identified as an inhibitor for several serine hydrolases, including FAAH, MAGL and
ABHD6.%° SAR studies led to the development of JZL.184 (13) as a potent, selective and brain
active MAGL inhibitor.! In vitro and in vivo ABPP studies indicated the selectivity of JZL 184
for MAGL over ~40 other serine hydrolases. JZL184 dose-dependently elevated 2-AG levels
and reduced AA levels in the brain. JZL184 exhibited selectivity across different tissues, but it
showed tissue-dependent effects on monoacylglycerols (MAGs) and AA levels.>? These results
indicated a more general metabolic function of MAGL. Of note, JZL184 was shown to inhibit
CES in the periphery and to elevate AEA levels by inhibiting FAAH in chronic and high-dosing
treatments.>>>4 In subsequent studies, the effect of the carbamate leaving group on MAGL
inhibitory potency and selectivity was studied, leading to the development of KML29. This
compound, with a hexafluoroisopropanol (HFIP) leaving group, exhibited good potency and
improved selectivity over FAAH and CES.> Modification of KML29 on the staying group
resulted in JW651, which was highly active and selective for MAGL with ABHD®G as the only
identified off-target at high concentrations.>® Substituting the HFIP moiety in JW651 with an
N-hydroxylsuccinimidyl (NHS) afforded inhibitor MIJN110 (14). To identify potential off-
targets alkynylated analogues JW651yne and MJN110yne (15) were developed. Competitive
ABPP studies indicated that both inhibitors were highly selective across the entire proteome.
Probe JW912 (16), containing an HFIP carbamate warhead and a BODIPY fluorophore, was
developed for in situ labeling and visualization of MAGL and ABHD6.%° JW912 selectively
labeled MAGL in H29 cells and ABHDG6 in Neuro2A cells. The activity of the probe was
blocked by MAGL inhibitor JW651 and ABHDG6 inhibitor KT195, respectively. Based on
JW651, another fluorescent probe DH463 was developed and used to visualize and quantify
MAGL activity in cells at the nanoscale level by using PharmacoSTORM, a super-resolution
imaging method.®® Application of FP-TAMRA and JW912 enabled the simultaneous
optimization of potency and selectivity of MAGL inhibitors in a medicinal chemistry program,
which led to the discovery of Lu AG06466 (previously ABX-1431, 17) as a highly potent,
selective and orally available MAGL inhibitor.5” A single dose of Lu AG06466 was well-
tolerated and showed a positive effect for patients with Tourette syndrome in a phase 1b study.>®
However, it failed in a phase 2 clinical trial for Tourette syndrome.*® Pfizer also disclosed a
series of carbamate-based MAGL inhibitors with PF-06795071 as a representative compound
containing a [3.1.0] pyrazole core system and a trifluoromethyl glycol leaving group.®® PF-
06795071 exhibited comparable potency and selectivity to inhibitors containing the HFIP
leaving group but significantly increased solubility. PF-06795071 elevated brain 2-AG levels
with a concomitant reduction in the levels of AA and inflammatory markers PGEz, IL-1p and
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TNF-a. No clinical trial studies have been reported for PF-06795071 to date.

1.3.3 Urea-based inhibitors for FAAH, DAGL and ABHD6

The tetrazole urea LY2183240 was initially reported as an AEA reuptake inhibitor®, but its
mechanism-of-action was later shown to be dependent on the carbamylation of FAAH’s
catalytic serine residue and releasing the tetrazole moiety.%? In 2009, benzothiophene piperazine
and piperidine ureas were reported as selective FAAH inhibitors and some of them showed
anti-hyperalgesic effects in a rat model of inflammatory pain.®® Janssen and Pfizer disclosed
several urea-based compounds as FAAH inhibitors.%4¢ JNJ-42165279 (18) was highly potent
and selective and exhibited beneficial effects in rat models of neuropathic pain and
inflammation (Figure 1.5).%7 INJ-42165279 was well-tolerated in both single and multiple-
ascending dose clinical studies.®®%° JNJ-42165279 (25 mg daily) elicited a moderate anxiolytic
effect in subjects with social anxiety disorder and a greater effect was observed in individuals
with more complete inhibition of FAAH.”® JNJ-42165279 is currently under investigation for
the treatment of post-traumatic stress disorder (PTSD) at a dose of 25 mg twice daily. PF-
04457845 (19) was originally developed for treatment of osteoarthritis pain, but failed in phase
2 clinical trials due to a lack of efficacy.” In a phase 2a study of cannabis use disorder, PF-
04457845 reduced symptoms of cannabis withdrawal and self-reported cannabis use in men.’
PF-04457845 was also reported to enhance the recall of fear extinction but not to influence
within-session fear extinction.”™

In 2016, one healthy volunteer who received 50 mg per day of the FAAH inhibitor BIA
10-2474 (20) died in a phase 1 clinical trial due to brain damage.’ Another five participants
who received the same dose were hospitalized. This tragedy resulted in the halt of all clinical
trials with FAAH inhibitors. Off-target activities of BIA 10-2474 and/or its metabolites were
hypothesized to be the cause of the serious adverse events. Van Esbroeck et al. employed gel-
based and MS-based ABPP with FP-based probes and B-lactone-based probes to reveal the
protein interaction landscape of BIA 10-2474.”° ABPP studies in human cells and human brain
revealed numerous off-targets of BIA 10-2474, including FAAH2, ABHD6, ABHD11, LIPE,
CTSA, PLA2G15, PNPLAG and CES. In contrast, PF-04457845, taken along as a safe control
compound, displayed good selectivity. Many of the off-targets regulate lipid metabolism.
Lipidomic analysis confirmed that BIA 10-2474 altered the levels of NAEs and several other
lipid classes, whereas PF-04457845 predominantly elevated the levels of NAEs. This study
highlighted the application of ABPP as a versatile method to assess on-target engagement and
off-target activities of covalent drugs to guide drug discovery and development processes.
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Figure 1.5 Clinical FAAH inhibitors based on a urea scaffold.

Urea-based compounds, especially 1,2,3-triazole ureas, are widely investigated as DAGL
inhibitors (Figure 1.6). Initially, KT117 (21) was identified to inhibit DAGLf in an ABPP-
based screening of a library of thirty 1,2,3-triazole ureas by using FP-TAMRA.”® KT116 (22),
a 1,4-regioisomer, was 10-fold more potent than the 2,4-regioisomer KT117. However, KT116
inhibited several other serine hydrolases, including FAAH, MAGL, ABHD6, ABHD11 and
PLA2G?7. Lead optimization led to the discovery of two DAGL inhibitors KT109 and KT172
(23 and 24). Competitive ABPP studies identified ABHD6 as the common off-target of both
KT109 and KT172. DAGL-tailored probe HT-01 (25) was generated from these 1,2,3-triazole
ureas. Competitive ABPP with HT-01 using recombinant DAGLs indicated that KT109 and
KT172 were 55-fold and 2-fold selective for DAGLPB over DAGLa, respectively. However,
KT109 was reported to inhibit DAGLo with high potency in other assays.’”’® KT109 and
KT172, but not ABHD6 inhibitor KT195 (26), reduced the levels of 2-AG, AA, and
prostaglandin E2 and D2 (PGE:2 and PGD3) in macrophages and suppressed the production of
proinflammatory cytokine TNFa in LPS-treated mice. Using KT109 as a starting point, DH376
and DO34 (27 and 28) were developed as highly potent, and centrally active dual DAGL
inhibitors.”®"® DH376 is a 2,4-substituted 1,2,3-triazole urea, which was shown to have a higher
binding affinity for DAGLa than its 1,4-substituted isomer in a structure-kinetics relationship
study.® Via a click reaction between the alkyne of DH376 and the azide of a BODIPY -based
fluorophore, DH379 (29) was generated as another DAGL-tailored probe. DH379 labeled both
DAGLa and DAGL in mouse brain. ABPP studies with FP-based probes, HT-01 and DH379
revealed that DH376 and DO34 dose-dependently inhibited DAGLSs in vitro and in vivo with
cross reactivity to ABHD6 and CES1C for both inhibitors. In addition, DO34 also inhibited
PLA2G7, ABHD2, and PAFAH2. In contrast, DO53 (30), a control compound derived from
KT195, inhibited all off-targets without affecting DAGLs activity. Interestingly, DAGLa was
revealed to have a short in vivo half-life of 2-4 h, which indicated a tight regulation of 2-AG
levels by DAGL protein synthesis and breakdown. Acute blockade of DAGL by DH376 and
D034, but not by DO53, elevated 1-stearoyl-2-arachidonoyl-sn-glycerol (SAG) levels and
reduced the levels of 2-AG, AEA, AA, PGEz and PGD2. The reduction in AEA levels might
suggest an in vivo crosstalk of AEA and 2-AG. Moreover, both inhibitors completely blocked
cerebellar GABAergic (DSI) and hippocampal glutamatergic (DSE) neurotransmissions and
attenuated LPS-induced neuroinflammation.
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Figure 1.6 DAGL inhibitors and probes, and control compounds based on 1,2,3-triazole ureas.

KT195 was initially developed as a control compound to address the selectivity problem
of KT109 and KT172, but proved to be a good ABHD6 inhibitor. Further SAR studies led to
the development of KT182 (as a systemic inhibitor), KT203 (as a peripherally restricted
inhibitor), and KT185 (as an orally active inhibitor).8! Competitive ABPP with FP-TAMRA
and HT-01 revealed that these three compounds were potent ABHD®6 inhibitors and selective
up to 1 uM. In vivo ABPP studies confirmed the high potency and selectivity of these inhibitors
in brain and liver. KT182 was recently evaluated in rodent models of multiple sclerosis (MS),
but showed limited efficacy.828

1.3.4 Specific chemotypes
1.3.4.1 Glycine sulfonamides for DAGL

Glycine sulfonamides (Figure 1.7) were identified as non-covalent DAGL inhibitors in a high-
throughput screening (HTS) by researchers from Bristol-Myers Squibb.2* SAR studies by
Janssen et al. led to the development of LEI-106 (31) as a DAGLa inhibitor with good
potency.® Gel-based ABPP with FP-TAMRA and MBO064 identified ABHD®6 as the off-target
of LEI-106, which was further confirmed by the biochemical ABHDG6 activity assay. In 2016,
another extensive SAR study of glycine sulfonamides was published, in which several
compounds were developed as highly potent, peripherally restricted and orally available DAGL
inhibitors.8

1.3.4.2 Thioureas for ABHD12

Due to the limited cross-reactivity of ABHD12 to previously described inhibitors, novel
chemotypes of ABHD12 inhibitors were needed. To this end, an enzyme-coupled assay for
ABHD12 was used in a HTS, which led to the identification of a thiourea-based compound
DO130 as a novel ABHD12 inhibitor.®” To optimize this chemotype, JJH350%, a tailored ABP,
originating from an N-hydroxyhydantoin (NHH) carbamate, was employed in competitive
ABPP studies to evaluate the potency of the compounds. After a series of modifications,
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compound DO264 (32) was discovered as a highly potent ABHD12 inhibitor. Competitive
ABPP studies with FP-based probes and JJH350 revealed the excellent selectivity of DO264
for ABHD12 over other serine hydrolases in either in vitro or in vivo models. DO264 elevated
lyso-PS and 20:4 PS as well as the cytokines TNF-a, IL-1p, and chemokines CCL3 and CCL4
levels in human monocytic cells.®”8 Moreover, chronic treatment of DO264 significantly
increased lyso-PS and 20:4 PS contents and heightened immunopathological responses to
CLMYV clone 13 (CI13) infection in mice, which indicated an immunosuppressive function of
ABHD12. In a screening of serine hydrolase inhibitors for potentiating ferroptosis, ABHD12
inhibitor DO264 was found to enhance ferroptosis death caused by a lipid peroxidase GPX4
inhibitor RSL1.%

1.3.4.3 a-ketoamides for PLAATS

Recently, it was discovered that B-lactone probe MB064 not only labeled serine hydrolases, but
also several cysteine hydrolases, including PLAATS.3? Using competitive ABPP with MB064,
an a-ketoamide derivative was identified as a PLA2G16 (also known as PLAATS3) inhibitor in
a screening of 50 lipase inhibitors. Hit optimization led to the development of LEI-110 as a
potent pan-PLAAT inhibitor. ABPP studies with FP-based probes and B-lactone-based probes
revealed the high selectivity of LEI-110 for PLAATS over other enzymes in mouse brain
membrane and cytosol proteomes. Further SAR studies led to the development of LEI-301 (33)
as a selective pan-PLAAT inhibitor which was more potent than LEI-110.%* LEI-301 exhibited
a good selectivity profile within the ECS with minimal affinity for CB1R and CB2R and no
inhibition for other enzymes, including FAAH, MAGL, ABHDG6, PLA2G4E, NAPE-PLD, and
DAGLs. Overexpression of PLAAT2 and PLAATS elevated NAEs levels in U20S cells, which
was reduced by LEI-301 treatment.
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Figure 1.7 Inhibitors and probes based on specific chemotypes.
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1.3.4.4 Pyrimidine-4-carboxamides for NAPE-PLD

NAPE-PLD is a metallo-p-lactamase, which was identified as the principal enzyme producing
NAEs in 2004.%° Due to the lack of a catalytic serine or cysteine residue, NAPE-PLD cannot be
targeted by previously described chemotypes. Recently, a pyrimidine-4-carboxamide was
identified as a novel scaffold for NAPE-PLD inhibition in a HTS using a library of ~350,000
compounds.®>® Hit-to-lead optimization afforded compound LEI-401 (34), which showed
good potency and selectivity for NAPE-PLD with no inhibitory activity for other metabolic
enzymes in ECS. Based on LEI-401, a click-chemistry photoprobe (35) was synthesized
containing a UV-active trifluoromethyl phenyl diazirine and an alkynyl handle. Affinity-based
protein profiling (AfBPP) studies showed that recombinant NAPE-PLD could be labeled by the
probe, which was concentration-dependently inhibited by LEI-401. In MS-based AfBPP studies,
LEI-401 selectively inhibited NAPE-PLD without outcompeting other proteins labeled by the
photoprobe. LEI-401 reduced mouse brain NAE levels in a NAPE-PLD dependent manner.
Moreover, LEI-401 activated the hypothalamus—pituitary—adrenal (HPA) axis and reduced fear
extinction, which were both reversed by the FAAH inhibitor URB597.%

1.4 Summary

Endocannabinoids are involved in various physiological functions and disease processes. The
development of selective and in vivo active ABPs and inhibitors for ECS enzymes was a vital
step to dissect the various endocannabinoid functions and established the therapeutic potential
of these proteins. Various drug discovery strategies, such as HTS, structure-based design, and
de novo design, have been employed to identify highly potent and selective inhibitors for ECS
enzymes. ABPP efficiently guided the optimization of the hits by profiling their activity and
selectivity in their native biological context. ABPP coupled with advanced imaging techniques
such as PharmacoSTORM and CATCH® enables the visualization of enzymatic activity in
tissue slices at nanometer resolution. Although FAAH and MAGL inhibitors have entered
clinical studies, selective inhibitors are still lacking for PLA2G4E, DAGLa and DAGL. In
addition, the enzymes involved in the alternative NAE biosynthesis routes are understudied.
Selective inhibitors for these enzymes will be valuable for elucidating their biological functions.
To conclude, ABPP is a valuable chemical biology technology that aids the design and
evaluation of inhibitors. The combination of ABPP with advanced imaging technologies and
lipidomics leads to a better understanding of physiological and pathological processes involving
serine hydrolases. The generation of novel molecular therapies based on the ECS enzymes will
certainly benefit from these advances.

1.5 Aim and outline of this thesis

Selective DAGLJ inhibitors are important for elucidating the physio(patho)logical functions of
this enzyme and could be potential treatment of inflammation with reduced CNS side effects
mediated by DAGLa inhibition. In view of this, the aim of the research described in this thesis
is to develop DAGL selective inhibitors for evaluating the biological functions of DAGLS.
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In Chapter 2, an EnzChek lipase substrate assay for DAGL is optimized and miniaturized
into a 384-well plate format to screen a library of 12,587 compounds using purified catalytic
domain of DAGL. After the primary screening, confirmed screening, deselection, and dose-
response evaluation, eight hits classified into four chemotypes are obtained. Hit 1 based on
glycine sulfonamide, also known as LEI-106, exhibits the highest potency for DAGL and
favorable physiological properties for hit optimization.

In Chapter 3, a comprehensive structure-activity relationship of glycine sulfonamides as
DAGL inhibitors is explored through systematic modifications on different parts of this
chemotype. While most of compounds discussed in this Chapter demonstrate comparable
potency for both DAGL isoforms or slight selectivity for DAGLa, three compounds varying on
the sulfonyl substituent display some selectivity for DAGLP. This suggests the sulfonyl group
as a modification hotspot for achieving selectivity for DAGL.

In Chapter 4, an in-depth structure-activity relationship study (SAR) is conducted to
enhance DAGL selectivity, with a focus on optimizing the sulfonyl substituent of the glycine
sulfonamide chemotype. This effort leads to the identification of 3,4-dihydro-2H-
benzo[b][1,4]dioxepine as the optimal substituent on this position. Further optimization of
potency and selectivity involves exploring other components of this chemotype, resulting in the
discovery of six compounds with promising potency, selectivity and physiochemical properties.
These findings position these compounds as the first-in-class DAGLP selective inhibitors
deserving further profiling and exploration.

In Chapter 5, a fluorescence-based plate reader assay using a GPCR activation-based
endocannabinoid sensor (GRABecs2.0) is established to assess the cellular activity of DAGL
inhibitors. The sensor, expressed in mouse neuroblastoma cells (Neuro2A), demonstrates
exquisite sensitivity to 2-AG and can be indirectly activated by adenosine triphosphate (ATP).
In this assay, 23 DAGL inhibitors with diverse activities and isoform selectivities are evaluated.
This profiling reveals that 2-AG production in Neuro2A upon ATP stimulation is primarily
mediated by DAGLa.

In Chapter 6, representative DAGL selective inhibitors, LEI-130 and LEI-131, along
with a negative control compound, LEI-132, are profiled in in vitro and in situ studies. Mode-
of-inhibition studies reveal a noncompetitive mechanism for LEI-130 and LEI-131 against
DAGLS, suggesting their binding to an allosteric pocket. In vitro and in situ ABPP studies of
LEI-130 and LEI-131 confirm their activity against DAGLJ over a panel of proteins in mouse
brain proteomes and living cells. Lipidomics analysis of LEI-130, LEI-131 and LEI-132 in N9
microglia and J774A.1 macrophage cells demonstrate that DAGL regulates the levels of 2-
AG as well as its downstream lipids in a cell type-dependent manner. Furthermore, LEI-130,
LEI-131 and LEI-132 all attenuate the LPS-stimulated cytokine production, suggesting the
involvement of an unknown off-target in regulating this process.

In Chapter 7, the work presented in this thesis is summarized and new directions for
future research are provided.
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