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Monoglyceride lipase: structure and inhibitors
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Abstract

Monoglyceride lipase (MGL), the main enzyme responsible for the hydrolytic deactivation of the
endocannabinoid 2-arachidonoyl-sn-glycerol (2-AG), is an intracellular serine hydrolase that plays
critical roles in many physiological and pathological processes, such as pain, inflammation,
neuroprotection and cancer. The crystal structures of MGL that are currently available provide
valuable information about how this enzyme might function and interact with site-directed small-
molecule inhibitors. On the other hand, its conformational equilibria and the contribution of
regulatory cysteine residues present within the substrate-binding pocket or on protein surface
remain open issues. Several classes of MGL inhibitors have been developed, from early reversible
ones, such as URB602 and pristimerin, to carbamoylating agents that react with the catalytic
serine, such as JZL 184 and more recent O-hexafluoroisopropyl carbamates. Other inhibitors that
modulate MGL activity by interacting with conserved regulatory cysteines act through
mechanisms that deserve to be more thoroughly investigated.
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1. Introduction

Shortly after the discovery of anandamide in 1992 (Devane et al. 1992), a second
endogenous ligand for cannabinoid receptors, 2-arachidonoyl-sn-glycerol (2-AG), was
identified and quickly recognized as a primary component of endocannabinoid
neurotransmission in the central nervous system (CNS) (Mechoulam et al., 1995; Sugiura et
al., 1995; Stella et al., 1997). Anandamide and 2-AG activate two G protein-coupled
receptors, CB; and CB, cannabinoid receptors, which are found throughout the mammalian
body, but are particularly abundant in the brain (CB1) and immune cells (CB5). The
endocannabinoids are produced through stimulus-dependent cleavage of membrane
phospholipid precursors and are rapidly degraded after their release into the extracellular
space. Their on-demand production, their actions explicated near the site of biosynthesis and
their rapid deactivation make the endocannabinoids particularly well-suited to mediate
short-range neural cellular communication. For example, it has been shown that 2-AG plays
a key role in synaptic plasticity and acts as a modulator of neurotransmitter release and
neuronal network activity involved in cognition and nociception, among other functions
(Hajos et al., 2000; Izumi and Zorumski, 2012; Higgins et al., 2013). Furthermore, 2-AG-
dependent short-range modulation has also been implicated in the development of neurons
from neural progenitor cells (Aguado et al., 2005; Aguado et al., 2006; Oudin et al., 2011;
Gomez et al., 2010; for review, see Galve-Roperh et al., 2013). Similarly, anandamide is
responsible for the control of stress-dependent synaptic plasticity in the amygdala (Puente et
al., 2011), for the modulation of stress responses and anxiety (Kathuria et al., 2003;
Bortolato et al., 2007) and contributes to the control of nociceptive transmission (Clapper et
al., 2007; Clapper et al., 2010).

2. An overview of the endocannabinoid system

2.1. Endocannabinoid biosynthesis

Although anandamide and 2-AG share several chemical and functional properties, they are
different in the mechanisms underlying their biosynthesis and the cellular events leading to
their deactivation. Three pathways have been identified as responsible for anandamide
mobilization (for recent reviews see Ueda et al., 2013 and Piomelli, 2014). An N-
ayltransferase/phospholipase D-dependent pathway mediates the canonical biosynthetic
pathway for anandamide (Di Marzo et al. 1994). On the other hand, the route involved in 2-
AG production starts from the precursor phosphatidylinositol-4,5-bisphosphate and proceeds
through reactions catalyzed by phospholipase C and diacylglycerol lipase (DGL) (Stella et
al., 1997; Bisogno et al., 2003; Piomelli et al., 2007).
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2.2. Endocannabinoid degradation

Both anandamide and 2-AG are deactivated through a two-steps mechanism, consisting of a
selective carrier-based uptake into cells followed by enzymatic hydrolysis. In the CNS,
anandamide is hydrolyzed by fatty acid amide hydrolase (FAAH), an amidase-signature
enzyme. FAAH hydrolyzes with different efficiencies anandamide, non-cannabinoid fatty
acyl ethanolamides such as palmitoylethanolamide (PEA), and also fatty acyl esters,
including 2-AG, at least in vitro. This apparent promiscuity had led to hypothesize that
FAAH might be involved in the hydrolysis of both anandamide and 2-AG; however, this
idea has been definitely ruled out by the data. For example, Beltramo and Piomelli found
that BTNP ((E)-6-(bromo-methylene)-tetrahydro-3-(naphtalen-1-yl)-2H-pyran-2-one), an
inhibitor of FAAH, does not affect 2-AG hydrolysis at concentrations that block anandamide
degradation (Beltramo and Piomelli, 2000). More stringently, Lichtman and coworkers
showed that 2-AG hydrolysis is maintained in mutant FAAH™~ mice, and that 2-AG-
mediated effects are similar in FAAH** and FAAH™'~ mice, clearly indicating that an
enzyme different from FAAH is responsible for the degradation of 2-AG in vivo (Lichtman
et al., 2002).

2.3. MGL is the main 2-AG-degrading enzyme

Dinh and coworkers showed that MGL, a serine hydrolase that cleaves 2- and 1-
monoglycerides into fatty acids and glycerol (Karlsson et al., 1997), hydrolyzes 2-AG in
intact cells (Dinh et al. 2002a). These authors used adenovirus-mediated gene transfer to
investigate the role of MGL in 2-AG degradation in brain cortical neurons, and found that
MGL overexpression is correlated to attenuation of NMDA/carbachol-induced accumulation
of 2-AG, while not affecting 2-AG biosynthesis or anandamide levels. Subsequent
experiments using RNAi-mediated silencing (Dinh et al., 2004) and, eventually, deletion by
homologous recombination of the mgll gene encoding for MGL (Schlosburg et al., 2010),
confirmed that MGL plays a key role in the physiological degradation of 2-AG. Dinh and
coworkers also determined the anatomical distribution of the enzyme, showing that, in
contrast to FAAH, which is broadly distributed in the CNS, MGL is found in discrete areas,
including the hippocampus, the cerebellum, the anterodorsal nucleus of thalamus and the
cortex (Dinh et al., 2002b). Interestingly, those areas are also characterized by high
expression of CB; cannabinoid receptors (Hajos et al., 2000), which is consistent with the
role of MGL in terminating the cannabinergic effects of endogenously produced 2-AG near
its site of action (Figure 1). A more detailed characterization of the anatomic distribution of
MGL and FAAH showed that the expression of both enzymes matches that of CB receptor,
but also that the distribution of MGL is complementary to that of FAAH, and that the two
enzymes are situated in distinct neuronal compartments (Gulyas et al., 2004; Dinh et al.,
2002b). Immunolabeling experiments localized MGL, similarly to CB4, to presynaptic nerve
terminals of glutamatergic neurons, where the enzyme may contribute to terminate the
modulatory effects of 2-AG on excitatory transmission. The presence of MGL in other
neuronal subpopulations, including CCK-positive GABA-ergic interneurons, suggests that
the lipase may be involved in stopping the effects of 2-AG also in this neuronal population.
On the other hand, while the distribution of FAAH overlaps that of CB; and MGL at a
regional level, its expression is mainly postsynaptic (Dinh et al., 2002b). It is important to
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point out that the biological functions of MGL are not limited to the deactivation of 2-AG.
In addition to mediating the release of fatty acid from monoacylglycerols in adipose tissue
(Tornqvist and Belfrage, 1976; Karlsson et al., 1997), MGL also contributes in important
ways to the generation of non-esterified arachidonic acid for eicosanoid biosynthesis in a
variety of cell types (Bell et al., 1979; Bell et al., 1980; Nomura et al., 2011). A role for this
enzyme in the control of multiple lipid modulators in cancer cells has also been postulated
(Nomura et al., 2010).

While pharmacological and genetic experiments have documented the fundamental role of
MGL in 2-AG degradation, there is also evidence for an MGL-independent route of 2-AG
hydrolysis (Muccioli et al., 2007). A functional proteomic approach revealed that, in
addition to MGL, two other serine hydrolase might participate in 2-AG hydrolysis in mouse
brain membranes (Blankman et al., 2007). These enzymes, a—f hydrolase domain ABHD-12
and ABHD-6 (Figure 1), account for ~ 9% and ~ 4%, respectively, of total 2-AG
hydrolysis in vitro. Subsequent work has confirmed a role for ABHD-6, which is localized
postsynaptically, in 2-AG-mediated endocannabinoid transmission (Marrs et al., 2010),
whereas ABHD-12 is likely to catalyze the hydrolysis of other lipid substances (Blankman
etal., 2013).

Beside MGL and ABHD-6, cyclooxygenase-2 (COX2) has also emerged as a modulator of
endocannabinoid levels (Kim and Alger, 2007; Jhaveri et al., 2008; Hermanson et al., 2014),
including those of 2-AG (Kozak et al., 2000; Kozak et al., 2001). COX2 oxidizes 2-AG, as
well as arachidonic acid and anandamide, giving rise to multiple biologically active
modulators. These include prostaglandin E, glycerol ester (PGE»-G, Hu et al., 2008) and
prostaglandins, which promote neural inflammation (Nomura et al., 2011; Valdeolivas et al.,
2013). These data broaden the biological scope of endocannabinoid signaling, which appears
to be, from a general point of view, a crossroad between a diversity of physiological
processes.

3. Structure of MGL
3.1. Characterization of MGL

Since MGL was first purified from rat adipose tissue in 1976 (Torngvist and Belfrage,
1976), a great deal of effort has gone into the characterization of the structure and function
of this enzyme.

Rat, mouse and human MGL consist of 303 amino acids, with 84.2% and 83.8%,
respectively, of sequence identity for both rMGL and mMGL with hMGL and 92% identity
between rMGL and mMGL. Karlsson and coworkers cloned MGL from a mouse adipocyte
cDNA library (Karlsson et al., 1997), and identified by site-directed mutagenesis its highly
conserved catalytic triad, consisting of residues Ser122, Asp239 and His269. Rat brain MGL
was cloned in 2002 (Dinh et al., 2002) and further characterized in 2005 (Saario et al.,
2005). These results, and those obtained from the mass-spectrometry characterization of
human MGL (Zvonok et al., 2008a; Zvonok et al., 2008b), have helped to elucidate the basic
mechanism through which MGL catalyzes the hydrolysis of 2-AG and other
monoacylglycerols.
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Beside the characterization of the catalytic triad, results showing that MGL is sensitive to
inhibition by p-chloromercuribenzoic acid (pCMB), mercury chloride (HgCl,) and N-
ethylmaleimide (Torngvist and Belfrage, 1976) led to the conclusion that MGL contains at
least one sulfhydryl-sensitive site that is needed for enzymatic activity (Saario et al., 2005).
In an attempt to characterize the functional role of cysteine residues and predict their
localization, Saario and coworkers built a homology model of rat MGL. They identified
Cys208 and Cys242 near the catalytic site, and tested a series of maleimide-based
compounds for their ability to inhibit MGL activity, providing evidence for irreversible
enzyme inhibition mediated by covalent modification of these two residues. More recently,
mass spectrometry studies have shown that N-arachidonoylmaleimide forms a Michael
adduct with Cys242 (Zvonok et al., 2008b). Following this finding, other groups have
attempted to characterize the role played by cysteine residues in regulating the enzymatic
activity of MGL. Labar and coworkers hypothesized a reversible mechanism to explain the
ability of disulfiram (tetraethylthiuram disulphide) to inhibit MGL with nanomolar potency
(Labar et al., 2007), while isothiazolinone-based compounds (King et al., 2009a) and natural
terpenoids (King et al., 2009b) were shown to reversibly inhibit MGL activity by targeting
Cys201 and Cys208. While the localization of cysteine residues has been clarified by X-ray
experiments, site-directed mutagenesis studies also shed light on the impact of residues
Cys201, Cys208 and Cys242 on the enzymatic activity of human MGL (Laitinen et al.,
2013). Notably, a single mutation of Cys242 to alanine was shown to impair the balance of
monoglyceride isomers hydrolysis (sn-1 vs sn-2). The Cys242Ala mutation also affects the
binding of the nucleophilic serine-targeting fluorophosphonate probe TAMRA-FP, used in
activity-based protein profiling experiments to characterize catalytically active serine
hydrolases (Cravatt et al., 2008). These findings suggest that Cys242 is necessary for
substrate recognition, binding and/or enzymatic processing. On the other hand, Cys201Ala
and Cys208Ala mutations do not influence the enzymatic rate and affinity of substrate for
MGL (Dotsey et al., 2015). This observation is in apparent contrast to previously reported
evidence highlighting the fundamental role played by Cys201 and Cys208 in the activity of
specific classes of inhibitors (King et al., 2009a, King et al., 2009b; Kapanda et al., 2009),
and the mechanistic role of these two cysteines deserves further investigation.

3.2. Crystal structures of human MGL

MGL belongs to the a/p hydrolase superfamily of enzymes (Karlsson et al., 1997) and
several homology models have been built in an attempt to predict its structure (Saario et al.,
2005; Bowman and Makriyannis, 2009; King et al., 2009a). This superfamily include ester
hydrolases, peptide hydrolases, lipid hydrolases, thioester hydrolases, epoxide hydrolases,
haloperoxidases, dehalogenases, and C-C bond breaking enzymes. They all share a common
[B-sheet core, consisting of seven parallel and one antiparallel strands, surrounded by a
helices. Beside this highly conserved structure, the members of this family also present a
more variable structural feature, called lid or cap domain; this domain hides the core region
of the enzyme, protecting and shaping at the same time the access of substrates to the
catalytic site.

Various research groups have succeeded in the crystallization of human MGL, providing an
exhaustive overview of the tridimensional properties of this enzyme and the architecture of
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its catalytic site. Two distinct crystal structures of the enzyme without inhibitor have been
disclosed, almost simultaneously, by two independent research groups (PDB: 3JWS8,
Bertrand et al., 2010; PDB: 3HJU, Labar et al., 2010). Both structures present two protein
molecules per asymmetric unit, each with the catalytic site facing the phospholipid
membrane. In addition to the common tridimensional arrangement of a/p hydrolases —
characterized by a 3-sheet core surrounded by six a helices (a1, a2, a3, a6, a7 and a8) —
MGL contains two additional helices, a4 and a5, which are part of the lid domain. This
region comprises residues 151 to 225, that is, helix a4, a5, a6 and the loops connecting a4
to a5 and a5 to a6. Within the lid domain, a4 and the loop connecting a4 to a5 delineate a
wide U-shaped structure that delimits the substrate access to the catalytic site.

The tridimensional structures also provide a clear description of the architecture of the
enzyme active site; the catalytic triad (Ser122, Asp239 and His269) is buried below the lid
domain (Figure 2). The nucleophilic Ser122 is part of the GXSXG consensus motif, situated
on a turn between helix a3 and 35, also called “nucleophilic elbow”. As shown by the
crystal structures, the catalytic residues are oriented to maximize the nucleophilic character
of Ser122, forming a hydrogen-bond network that includes Asp239 and His269, His269 and
Ser122. The oxyanion hole, constituted by the backbone NH groups of Ala51 and Met123, is
situated on the loop connecting al and B3 and stabilizes the anionic transition state of the
hydrolysis reaction. Three cysteine residues out of four have been localized, providing
fundamental information about their role in the regulation of MGL activity. Cys33 is
situated on B strand 2, within the a/p hydrolase core of the enzyme, far apart from the active
site. On the other hand, Cys242 is in close contact with the catalytic triad, located only 4A
away from the nucleophilic serine (Labar et al., 2010). Cys201 is situated within the loop
connecting a5 and a6 helices. Although its side chain points toward the solvent, the lid
domain is quite thin in that region and the backbone of C201 is also accessible from the
active site. Cys208 is found at the top of helix a6, with the thiol group pointing toward the
cytosol (Labar et al., 2010), farther away from the active site (Figure 2). Another interesting
feature highlighted by the X-ray experiments is the presence of a small opening of 5A
connecting the active site and the solvent outside the enzyme. This hole is delimited by the
lid domain, being bordered by residues Pro178, Ser181, Leul84, Tyr194, Asn195, Arg202
and Ala203 situated on the loops connecting a4 to a5 and a5 to a6 helices. Due to its close
proximity to the catalytic site, this aperture may provide an exit route for the glycerol moiety
released after 2-AG cleavage.

The crystal structures of MGL provided important information on the architecture of the
substrate-binding site, laying the basis for rational drug design. The tridimensional structures
revealed that the catalytic triad is housed at the bottom of a long channel delimited by
hydrophobic residues. The side chains of residues Leul48, Alal64, Leul76, 1le179, Leu205,
Val207, 1le211, Leu213, Leu214, Val217 and Leu241 shape the wall of this cavity, which is
thought to accommodate the lipophilic chain of 2-AG, and helix a4 and the loop connecting
helices a4 and a5 delineate the U-shaped access of this cavity. Interestingly, in the crystal
structure 3JW8 (Bertrand et al., 2010) this tunnel is partially filled with molecules of 2-
methyl-pentane-2,4-diol (MPD), which is necessary for crystal growth; four molecules of
MPD are present in monomer A, and three in monomer B. The authors suggest that the
presence of MPD molecules in the tunnel supports the hypothesis that the endogenous
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substrate could be extracted from the membrane, and accommodated with the polar head
pointing towards the catalytic site. At the lower extremity of the hydrophobic tunnel the
environment of the catalytic triad becomes more hydrophilic. Beside the oxyanion hole
formed by backbone nitrogen atoms of Ala51 and Met123, the Tyr58 hydroxyl group, the
imidazolic nitrogens of His121 and 272, the guanidinium group of Arg57, the carboxylate of
Glu53 and the backbone of Ala 51 delineate a polar cleft. In the crystal structure 3HJU
(Labar et al., 2010) this cavity accommodates a glycerol molecule, used as cryoprotectant in
the purification protocol. The glycerol molecule is situated at the entrance of this cleft, with
its hydroxyl groups making hydrogen bonds with the Ala51 carbonyl, Glu53 carboxylate
and the hydroxyl group of Tyr94. The fact that this alcohol-binding pocket is found in close
proximity of the hypothetical exit route for glycerol suggests that it might bind the polar
head of 2-AG within the active site.

The crystal structures of MGL in complex with different inhibitors provided further insights
into the properties of the enzyme active site. Two crystal structures of MGL covalently
bound to carbamate-based inhibitors (PDB ID: 3JWE, Bertrand et al., 2010; 4UUQ, Griebel
et al., 2015; Figure 3, panel A), and the crystal structure of MGL in complex with a
reversible inhibitor (PDB ID: 3PES6, Schalk-Hihi et al., 2011; Figure 3, panel B) are
available. 3JWE is the crystal structure of MGL in complex with SAR629 (Hornaert, 2011),
which inhibits the enzyme by mimicking the pathway of 2-AG cleavage and making a stable
carbamate adduct with Ser132 (Ser122 in 3HJU). Similarly to what observed in the crystal
structures with no inhibitor, 3JWE presents two molecules per asymmetric unit, with the two
monomers oriented in a specular way. The tridimensional structure also reveals that SAR629
adopts the same conformation in both monomers. In spite of this similarity, there is no
electron density for the helix a4 of monomer A, while this helix shows a stable
conformation in monomer B. Moreover, in monomer B a second SAR629 molecule has been
found; this molecule is situated at the top of the access tunnel, and it is unlikely to play any
role in inhibition. Notably, the conformation of helix a4 of the monomer B corresponds to
that observed in the crystal structure of empty MGL 3JW8, obtained under the same
conditions (Bertrand et al., 2010). The inhibitor molecules adopt a “Y shape”, spanning the
lipophilic portion of the enzyme within the access tunnel; one of the fluorophenyl rings fits a
hydrophobic pocket delimited by Leul58, Leu223 and Leu224 (respectively Leul48,
Leu213 and Leu214 in 3HJU), while the second fluorophenyl moiety is in contact with
Leul86, Leul89 and Leu215 (Leul76, Leul79 and Leu205 in 3HJU). The interaction
between MGL and SAR629 is thus mainly mediated by hydrophobic contacts, while there is
only one direct polar interaction between the carbonyl oxygen of SAR629 and the nitrogen
atoms of the oxyanion hole (Ala61 and Met133, Ala51 and Met123 in 3HJU).

A crystal structure of MGL in complex with the covalent inhibitor SAR127303 has been
resolved very recently (PDB: 4UUQ, Griebel et al., 2015). As in the case of the complex
MGL-SAR629 (3JWE), the complex MGL-SAR127303 is crystallized with two protein
molecules per asymmetric unit, showing a specular orientation of the two monomers.
Contrary to SAR629, SAR127303 does not have a Y-shaped structure. The binding mode of
the inhibitor within the MGL lipophilic tunnel is slightly different in the two monomers,
which in turn show structural differences in their lid domains. More specifically, while the
structural arrangement of monomer B corresponds to that observed in the empty (3HJU,
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3JW8) and in the inhibited MGL (3JWE) crystal structures previously reported, monomer A
of 4UUQ shows structural variances concerning the loop connecting the 6 strand to helix
a4. These rearrangements determine a small reduction of the U-shaped opening of the lid
domain in monomer B, which thus makes different interactions with the inhibitor. The
sulfonyl group of SAR127303 adopts different orientations; in both monomers this group
makes a polar interaction between an oxygen atom and the Asn162 (Asn152 in 3HJU)
backbone nitrogen. In monomer A, but not in monomer B, this oxygen atom also makes
water-mediated interactions with Asn162 side chain and Leu251 (Leu241 in 3HJU)
backbone oxygen. The chlorophenyl group accommaodates in a hydrophobic pocket
delimited by residues Leu215, Gly220, Leu223, Leu224 Alal66 and Serl65. The existence
of two alternative binding modes might be due to the flexibility of the lid domain, and
specifically of the loop connecting the 6 strand and a4, to which Asn162 belongs.

A further crystal structure of MGL in complex with a non-covalent reversible inhibitor has
been solved in 2011 (PDB: 3PE6; Schalk-Hihi et al., 2011). The authors mutated MGL at
different sites, to obtain a more soluble form of the enzyme and identify optimal conditions
for crystallization in absence of detergents. The best result is the human MGL Lys36Ala,
Leul69Ser and Leul76Ser; these residues are situated on the p1 strand, on helix a4 and on
the loop connecting helix a4 to a5, respectively. The crystal structure of 3PE6 reveals that
the binding site is almost entirely occupied by the non-covalent inhibitor ZYH. The amide
carbonyl of ZYH is oriented to make polar contacts with Met123 within the oxyanion hole
environment. The 3-(4-(pyrimidin-2-yl)piperazin-1-yl)azetidinyl moiety is situated in the
alcohol-binding pocket described above, which is filled with a glycerol molecule in 3HJU.
The 2-cyclohexylbenzoxazol-6-yl portion extends in the lipophilic tunnel, occupying
approximately the same region that accommodates the covalent inhibitors SAR127303 and
SAR629, making van der Waals-mediated interactions with the protein. Notably, this crystal
structure reveals a substantial conformational rearrangement involving the helix a4 of the
lid domain. The authors described the new architecture of the lid domain as a closed
conformation, compared to the open conformation observed in 3HJU. The transition from
the empty/open form to the ligand-bound/closed form consists in a rolling motion of the
helix a4 over the catalytic site; moreover, the conformational change also involves the
incorporation in helix a4 of residues 153-157, which belong to the loop connecting strand
36 and helix a4 in all the other crystal structures. At the opposite tip of helix a4, the loop
region that comprises residues 174-182 assumes a substantially different conformation,
moving upward from the conformation adopted in the other crystallized structures. The
overall effect of these rearrangements is an approaching movement of the lid domain rims,
leading to a narrowed access to the catalytic site; moreover, the glycerol exit hole, described
as an open cavity in 3HJU, 3JW8 and 3JWE, is completely closed.

The available crystal structures provide important clues about the function of the lid domain.
As already mentioned, this domain is composed by residues 151-225 (Schalk-Hihi et al.,
2011); other authors (Bertrand et al., 2010) refer to the lid domain as a more restricted
region, consisting of the helix a4 and the loop connecting helices a4 and a5. As revealed by
the available crystal structures, helix a4 consists of residues 157-170, with the only
exception of crystal 3PE6, in which this helix is more extended, and includes residues 153—
157, as a consequence of ligand-dependent conformational changes (Figure 2). Helix a4 is
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mainly composed of hydrophobic residues, which orient their side chains outside the access
tunnel; these residues and those situated on the loop connecting helices a4 and a5 (Leul74,
Leul76 and Leul179) delimit a hydrophobic region at the surface of MGL. Notably, the lid
domain of MGL is characterized by a more marked hydrophobic character compared to that
of other members of the a/B hydrolases superfamily. On the other hand, MGL has been
found both in the cytosol and membrane fraction of Cos-7 cells (Dinh et al., 2002).
Together, these findings lead to the conclusion that MGL acts in cells as an amphitropic
protein, soluble in the cytosol and, at the same time, able to interact with the phospholipid
membrane to recruit its lipophilic substrate (Labar et al., 2010). The presence of three
additional hydrophilic residues situated on helix a4 — Asn152, Glu154 and Lys160 — might
mediate the interaction of the enzyme with the polar head of 2-AG; moreover, the positively
charged Lys160 could also interact with the phosphate groups of membrane phospholipids.

The comparison with the tridimensional structures of other lipases, such as dog gastric lipase
and human pancreatic lipase, revealed substantial structural diversities due to different
functions, and helped shed light on the relationship between the architecture of MGL’s lid
domain and its biological function (Labar et al., 2010). In many lipases, including MGL, the
lid domain covers the active site, partially reducing its exposure to the solvent. Moreover, it
has been hypothesized that the lid domain of human pancreatic lipase undergoes
conformational variations in the presence of a water-lipid interface, disclosing the access to
the hydrophobic binding site when the protein interacts with lipid droplets. This
phenomenon, often referred to as “interfacial activation”, has been extensively studied for
lipases (Cambillau et al., 1996; Aloulou et al., 2006; Reis et al., 2009), and allows the
enzyme to exist in two distinct conformations — closed and open — which correspond to
inaccessible or solvent-exposed active site. The lid domain structure appears thus to be
strictly related to the enzyme functions. These evidences, and the existence of different
MGL crystal structures showing different lid domain conformations (Figure 2), suggest that
MGL might regulate the access of 2-AG to the catalytic site through a flexible control on the
lid domain opening.

The crystal structures 3HJU and 3JW8 show MGL in its open conformation; however, while
the open conformation of 3HJU could have been stabilized by detergents used in the
purification protocol (Labar et al., 2010), the presence of crystal soaking adjuvant molecules
might have played a role in stabilizing the helix a4 in 3JW8 (Bertrand et al., 2010).
Moreover, the helix a4 of monomer B in 3HJU is poorly defined, as a further proof of the
lid domain flexibility and, in the first crystal structure of MGL covalently bound to an
inhibitor, 3JWE (Bertrand et al., 2010), the helix a4 of monomer A had not been solved.
Two other crystal structures of MGL in complex with different inhibitors clearly show that
the helix a4 of the lid domain can exist in different conformations. The access to the
catalytic site of monomer B in 4UUQ is partially occluded, due to a rearrangement of the
flexible loop connecting B strand 6 to helix a4 (Griebel et al., 2015). Moreover, 3PE6 shows
a remarkable change in the lid domain structure, due to the movement of helix a4 over the
active site access, leading to a partially closed conformation (Schalk-Hihi et al., 2011).
Interestingly, Schalk-Hihi and coworkers also showed that, beside the structural
rearrangement, the transition from the open to the closed conformation implies a reduction
of the hydrophobic character of the lid domain. While a full understanding of the functional
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significance of helix a4 requires additional investigation, the authors hypothesized that the
hydrophobic character of this region might serve to position the enzyme in close contact
with the phospholipid membrane, in order to facilitate the recruitment of 2-AG. According
to this model, following substrate binding helix a4 closes the active site access, and MGL
dissociates from the membrane while cleaving 2-AG. Finally, after substrate cleavage the
enzyme might assume again the open conformation and re-associate to the membrane. Thus,
the catalytic cycle would happen concomitantly to reversible conformational rearrangements
of the lid domain.

4. MGL inhibitors

4.1 Relevance of MGL inhibitors

2-AG participates in a wide range of physiological and pathological processes. The role of
2-AG in neural systems that alleviate pain has been extensively studied and it has been
convincingly shown that 2-AG promotes antinociception by acting both in the CNS
(Hohmann et al., 2005; Connell et al., 2006) and the periphery (Guindon et al. 2011,
Guindon et al., 2013). 2-AG-mediated activation of cannabinoid receptors is also
responsible for neuroprotection and prevention of neural inflammation following tissue
damage (Kreutz et al., 2009; Carloni et al., 2012; Xu and Chen, 2015) and in neuronal
disease models (Chen et al., 2012; Piro et al., 2012; Zhang et al., 2014; Fernandez-Suarez et
al., 2014; Lysenko et al., 2014). Endocannabinoid signaling, including 2-AG-mediated
signaling, plays a key role in the control of anxiety and depression and the regulation of
emotional memory (Sciolino et al., 2011; Shonesy et al., 2014). Finally, endocannabinoids
may have a role as anticancer compounds: overexpression of CB; receptors has been
observed in several tumors, providing evidence that 2-AG might be implicated in cancer
growth and aggressiveness. Moreover, MGL is abnormally expressed in various human
cancer cells and primary high-grade tumors. Pharmacological and genetic ablation of MGL
has been found to reduce migration, invasiveness of cancer cells and tumor growth in vivo
(Nomura et al., 2010; Nomura et al., 2011). Interestingly, the role of MGL in promoting
cancer pathogenesis is related not only to its role in 2-AG levels regulation, but also to its
ability to interfere with multiple cellular mechanism and metabolic routes. Indeed, MGL
activity controls the levels of fatty acids as precursors of lysophosphatidic acid and
eicosanoids, which in turn activate tumor-promoting paths. MGL blockade is thus sufficient
to reduce the production of lipid modulators involved in cancer pathogenicity (Nomura et
al., 2010; Nomura et al., 2011). While in ovarian, breast and melanoma cancer cells MGL
inhibition exerts an anti-tumorigenic effect through the reduction of oncogenic signaling
lipids, in prostate cancer cells MGL blockade-dependent anti-cancer effects are mediated by
both enhanced CB; signaling and impaired lipid network. Moreover, MGL inhibition is
responsible for the downregulation of cyclin D1 and Bcl-2, involved in colorectal cancer
pathogenesis (Ye et al., 2011).

The regulation of 2-AG levels thus represents a challenging goal from a medicinal chemistry
point of view, and in the last decade, a special effort has been made to discover selective and
potent MGL inhibitors. However, while several beneficial effects have been observed for
MGL blockade both in vitro and in vivo, doubts about the use of MGL inhibitors arose, due
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to the adverse effects observed. MGL chronic inhibition causes functional antagonism of
CB; receptors in the brain (Schlosburg et al., 2010), which can in turn lead to
neuropsychiatric effects such as anxiety and depression. Recent studies have shown that
irreversible MGL inhibitors produce a deterioration of learning performances and loss of
memory function, related to a decrease of long-term potentiation of CA1 synaptic
transmission and acetylcholine levels (Griebel et al., 2015).

4.2 URB602 and derivatives

The O-biphenylcarbamate URB602 (ICsq = 223 uM; Figure 4) was the first MGL-preferring
inhibitor to be reported (Hohmann et al., 2005). In spite of its low potency, URB602
elevates in vivo the levels of 2-AG, but not anandamide, and enhances CB; receptor-
mediated stress-induced analgesia (Hohmann et al., 2005). Moreover, URB602 exerts
peripherally mediated antinociceptive effects in various models of pain (Hohmann et al.,
2005; Costa et al., 2007; Desroches et al., 2008). Kinetic analyses revealed that URB602
inhibits rat MGL through a non-competitive mechanism; further work demonstrated that the
inhibition is time-independent and that URB602 does not mimic the substrate (King et al.,
2007). Dialysis after incubation of purified MGL in presence of the inhibitor partially
reversed the inhibition of enzymatic activity, pointing to a partially reversible mechanism of
action (King et al., 2007). Notably, King and coworkers also found that a ureidic derivative
of URB602 is more potent than the parent compound (ICsq = 115 uM). While this
compound is characterized by high steric similarity with URB602, the ureidic group shows a
lower tendency to react with the catalytic serine (Ser122), suggesting that these compounds
are not site-directed inhibitors.

In an attempt to enhance the potency of O-biphenylcarbamate compounds, Szabo and
coworkers synthesized and tested as potential MGL inhibitors a broad series of URB602
derivatives (Szabo et al., 2008). The authors extensively explored different modifications of
URBG602, including isosteric replacements, ring size and substitution, para-substitution of
the biphenyl moiety and the incorporation of a bicyclic element, and found a p-OH
substituted derivative showing higher potency at inhibiting MGL. Molecular modeling
suggested that the p-OH derivative could accommaodate in the upper part of the access
tunnel, while the hydroxyl group takes polar interaction with Ser185. Furthermore, the
ureidic analogue of the new compound maintained moderate MGL inhibition activity,
supporting the carbamate and the urea functionalities as promising scaffolds for the
development of MGL inhibitors.

4.3 JZL184 and other inhibitors that target the catalytic site

The application of competitive activity-based protein profiling (ABPP) led to the discovery
of the piperidine-carbamate compound JZL 184 (Long et al., 2009a; Figure 4). JZL184
inhibits MGL activity with an 1C5q of 8 nM, and blocks MGL in vivo causing a considerable
increase of 2-AG levels in the brain. As shown by liquid chromatography tandem-mass
spectrometry, JZL184 inhibits MGL through the formation of a covalent adduct with the
nucleophilic Ser122 (Long et al., 2009b); this complex is stable against hydrolysis, and is
responsible for irreversible inhibition of the enzyme. Notably, JZL184 shows a relatively
high selectivity for MGL over FAAH (about 100 fold) and other hydrolases present in
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mouse brain (Long et al., 2009b). On the other hand, the compound shows inhibitory
activity towards other carboxylesterases in peripheral tissues, cross-reactivity for FAAH
after repeated administration, and is characterized by low cross-species activity, showing
lower potency for rat MGL than mouse MGL (Long et al., 2009b). Although acute blockade
of MGL by JZL184 exerts a broad range of potentially beneficial effects, repeated
administration of the compound results in desensitization of CB; receptors, cross-tolerance
to CB1 receptor agonists along with tolerance to the antinociceptive effects exerted by the
compound, physical dependence, and impaired endocannabinoid-dependent synaptic
plasticity (Schlosburg et al., 2010). Although more recent work suggests that these effects
may be tempered by a low-dose administration protocol (Kinsey et al., 2013), these
liabilities hamper the clinical development of JZL184 and limit its use as an experimental
probe of MGL activity. The class of 4-nitrophenyl carbamates is rather promiscuous, as
shown by the FAAH/MGL dual inhibitor, JZL195 (Long et al., 2009c).

To develop MGL inhibitors with improved selectivity and cross-species activity, new
compounds with O-hexafluoroisopropyl carbamate (Chang et al., 2012; Chang et al., 2013)
or N-hydroxysuccinimidyl carbamate functionalities have been studied (Niphakis et al.,
2013). KML29 is an O-hexafluoroisopropyl analog of JZL184 (Chang et al., 2012);
interestingly, the substitution of the p-nitrophenyl leaving group with a hexafluoroisopropyl
one was apparently sufficient to achieve complete selectivity for MGL over FAAH and
other brain hydrolases, while maintaining a remarkable inhibitory activity towards mouse
MGL (IC5¢=15 nM). KML29 and JZL 184 showed similar dose-dependent MGL inhibition
invivo, giving maximal inhibition at 20 mg/Kg dose; JZL184 was found to inhibit FAAH at
higher doses (40 mg/Kg), while KML29 maintained complete selectivity over FAAH at all
doses (Chang et al., 2012). Moreover, contrary to what had been observed for JZL 184,
KML29 inhibits both rat and human MGL, showing an improved cross-species activity. Yet
more recent work disclosed JW651, a close analog of KML29, as a selective MGL inhibitor
with invitro and in vivo activities (Chang et al., 2013). The fact that JZL184 and KML29
show differences limited to the leaving group suggests that the introduction of a bioisosteric
moiety, able to mimic the polar head of the endogenous substrate, and modulation of its
reactivity might represent a promising strategy for the development of potent and selective
site-directed MGL inhibitors. However, KML29 induced mild cannabimimetic effects when
administered in vivo to mice (Pasquarelli et al. 2015).

Recently, Griebel and coworkers reported a detailed characterization of SAR127303 (Figure
2, panel A), a potent O-hexafluoroisopropyl carbamate (Griebel at al., 2015). While sharing
the same leaving group and piperidine carbamate functionalities as KML29, this compound
is characterized by a different substituent at the piperidine ring, which occupies the rear part
of the access tunnel, as revealed by the crystal structure of the covalent complex with MGL
(PDB: 4UUQ). SAR127303 is a potent inhibitor of mouse and human MGL (IC5p=3.8 nM
and 29 nM respectively) and shows high selectivity for MGL over other human hydrolases.
SAR127303 exerts antinociceptive effects in inflammatory and visceral pain models as well
as antiepileptic effects. Despite the typical beneficial effects related to MGL inhibition,
however, SAR127303 negatively affects memory formation, leading to impaired cognitive
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performance and deficiencies in acquisition and consolidation processes in spatial, episodic
and working memory.

Selective inhibitors of MGL composed by a piperidine or piperazine ring with a putative
serine-carbamoylating functionality include triazoleureas, such as JJKK-048 (Aaltonen et
al., 2013, Figure 4), and N-Hydroxysuccinimidyl carbamates, such as MIN110 (Niphakis et
al., 2013, Figure 4). Other compounds with serine-reactive groups, such as tetrazolylureas
(Ortar et. al. 2013) and 1,3,4-oxadizol-3-ones (Kasnénen et al. 2013) had shown MGL-
inhibitor activity, but these classes generally showed also inhibition of other serine
hydrolases like FAAH. Recently, a compound lacking reactive functionalities, CL6a
(Tuccinardi et al. 2014, Figure 4) has been described as a micromolar reversible inhibitor of
MGL, addressing the catalytic pocket, similarly to what had been observed for the crystal
structure with the non-covalent inhibitor ZYH (Figure 2), and a lipophilic ester (Hernandez-
Torrs et al., 2014, Comp21 in Figure 4) has been shown to inhibit MGL with sub-
micromolar potency.

4.4 Cysteine-targeting compounds

4.4.1 N-substituted maleimide derivatives—Starting from experimental evidence
indicating that MGL contains one or more sulfhydryl sensitive sites, Saario and coworkers
synthesized and tested a broad series of N-ethylmaleimide derivatives as potential MGL
inhibitors (Saario et al., 2005), with the aim of characterizing the mechanism of action and
the role of the N-substituent. Interestingly, derivatives with bulkier and more lipophilic
substituents, such as propyl, cyclohexyl, phenyl and pyrenyl groups, show enhanced
selectivity, suggesting that the sulfhydryl sensitive site in MGL may be situated in a
hydrophobic environment. On the other hand, the authors found that N-
arachidonylmaleimide (NAM, Figure 5), a derivative that is structurally similar to the
endogenous substrate 2-AG, was the most potent compound in the series (IC55=140 nM).
More recently, Matuszak and coworkers confirmed this finding through a further
investigation of various alkyl-phenyl N-substituents (Matuszak et al., 2009).

Because they are Michael acceptors, NAM and other N-substituted maleimide derivatives
are irreversible MGL inhibitors. Mass spectrometry and mutagenesis experiments revealed
that inhibition of human MGL by NAM is mediated by the Michael addition of the
arachidonylmaleimide group to Cys201 and Cys242 (Zvonok et al., 2008a/b; King et al.,
2009a; Laitinen et al., 2013).

4.4.2 Disulfide compounds—To further characterize the role of cysteine residues in the
modulation of MGL activity, Labar and coworkers tested the activity of various disulfide
compounds, including disulfiram, disulfiram analogues and phenyl disulfide (Labar et al.
2007). The compounds inhibit human MGL in a concentration-dependent manner with 1Cgg
values of 6.44+0.05 uM (disulfiram), 6.87+0.05 uM (dicyclopentamethylthiuram disulfide,
Figure 5) and 5.79+0.05 uM (phenyl disulfide). The authors hypothesized that disulfide
compounds might react with cysteine residues in MGL through a redox process that required
the formation of a mixed disulfide. Consistent with this idea,
bis(dialkylaminethiocarbonyl)disulfide derivatives were shown to inhibit h(MGL activity
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through a redox mechanism involving the sulfhydryl groups of Cys208 and, to a lesser
extent, Cys242 (Kapanda et al., 2009). Results showing that disulfide-dependent MGL
inactivation is completely restored by dithiothreitol (DTT) corroborate the hypothesis that
the chemical control of the redox state of critical cysteine residues represents a feasible
alternative to site-directed MGL inhibition.

4.4.3 Isothiazolinone and benzisothiazolinone derivatives—The observation that
sulfhydryl reagents are potent MGL inhibitors also led to the discovery of isothiazolinone
and benzisothiazolinone derivatives as potent and selective modulators of MGL activity
(King et al., 2009a). A series of different cysteine-reacting compounds were screened to test
their potential as MGL inhibitors, and 2-octyl-4-isothiazolin-3-one (octhilinone, Figure 5)
was found to be potent in that respect (IC57=88+12 nM on rat MGL). Substitution of the N-
octyl group with a methyl group caused a reduction in inhibitory potency, while the
introduction of more lipophilic and larger substituents, such as an oleoyl group, enhanced it
(IC50= 43£8 nM). Replacement of the isothiazolinone functionality with a
benzisothiazolinone group (Figure 5) also led to a potent inhibitor, suggesting that inhibition
of MGL mediated by these compounds does not rely on the formation of Michael adducts.
Rapid dilution assays showed indeed that octhilinone inhibits MGL activity through a
partially reversible mechanism. These lines of evidence and the fact that low concentrations
of DTT are able to reduce the potency of octhilinone, while not directly affecting enzyme
activity, led to the conclusion that isothiazolinone and benzisothiazolinone derivatives might
inhibit MGL through the formation of a disulfide bond between the sulphenamide group and
a cysteine residue of the protein. Furthermore, mutation of Cys242 to glycine, but not
Cys201Gly or Cys208Gly mutations, resulted in a marked decrease in the inhibitory activity
of octhilinone, which is suggestive of a preferential interaction of this inhibitor with Cys208.
The mechanism of isothiazolinone and benzisothiazolinone-mediated human MGL
inhibition has been investigated (Matuszak et al., 2011). Octhilinone and N-
octylbenzisothiazolinone were shown to have lower potency toward hMGL than rMGL,
while conserving high selectivity for MGL over FAAH. Increasing DTT additions
completely restored the enzyme activity, confirming the cysteine-based mechanism
proposed by King and colleagues. On the other hand, the authors provided mutagenesis data
showing that, contrary to what observed for octhilinone, both Cys242Ala and Cys201Ala
mutations determine a decrease in the potency of N-octylbenzisothiazolinone, while
Cys208Ala mutation does not affect the inhibitor potency. Notably, for both octhilinone and
N-octylbenzisothiazolinone, the simultaneous mutation of Cys201, Cys208 and Cys242
determines a remarkable reduction of their potency on human MGL. Together, these results
have improved our knowledge about regulatory cysteine residues, which are not directly
involved in the enzymatic activity of MGL, and revealed benzisothiazolinone-based
compounds as potential MGL inhibitors.

4.4.4 Natural terpenoids as MGL inhibitors—Searching for new scaffolds that might
be used to design reversible MGL inhibitors, King and coworkers found two naturally
occurring terpendoids, pristimerin and euphol, which showed high potency and selectivity
(King et al., 2009b). Pristimerin (IC50=93+8 nM; Figure 5) is a pentacyclic triterpenoid
characterized by a quinone-methide group, which could react with cysteine residues yielding
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covalent adducts. However, as revealed by rapid dilution assays, pristimerin-dependent
inhibition of rat MGL is completely reversible. Kinetic data showed that pristimerin reduces
the maximum catalytic activity of the enzyme, but does not affect its Michaelis-Menten
constant, which defines it as a rapid reversible and non-competitive inhibitor. In an attempt
to characterize the role of the quinone-methide functionality, the authors tested as a potential
MGL inhibitor euphol, a terpenoid that lacks the quinone-methide group of pristimerin,
while having a very similar 3D shape. Although euphol is less potent than pristimerin (1Csq
= 3151 nM), kinetic experiments and rapid dilution assays showed that it also inhibits
MGL through a non-competitive and reversible mechanism. Interestingly, mutation of
Cys201 or Cys208 affected the inhibitory potency of these compounds, although in different
manners: Cys208Gly mutation reduced the potency of pristimerin without affecting that of
euphol; conversely, Cys201Gly mutation decreased the inhibitory potency of euphol, but not
that of pristimerin. Docking simulations with a homology-based model of MGL structure
suggested that both euphol and pristimerin could occupy a hydrophobic pocket within the lid
domain, but these simulations should be re-evaluated in light of the crystal structures that
have been published after that work. Incubating primary cultures of rat cortical neurons with
the terpenoid caused an increase in 2-AG levels, without any effect on levels of the FAAH
substrate palmitoylethanolamide. On the other hand, although it does not affect FAAH or
NAAA (N-acylethanolamine acid amidase) activities, pristimerin was found to be a potent
inhibitor of ABHD-6 (IC5p = 98+8 nM).

More recently, a pentacyclic terpenoid structurally similar to pristimerin, 3-amyrin, was
shown to inhibit human MGL with an ICgq of 2.8 UM (Chicca et al., 2012) confirming that
natural triterpendoids scaffolds may offer novel ways for the discovery of MGL inhibitors.
Rapid dilution assay and kinetics experiments revealed that, as previously observed for
pristimerin (King et al., 2009b), 3-amyrin inhibits MGL through a rapid, reversible and non-
competitive mechanism. Notably, B-amyrin treatment determines an increase of intracellular
2-AG levels, but does not affect the levels of other endocannabinoids, suggesting that this
compound selectively targets 2-AG hydrolysis. On the other hand, further measurements of
amyrin-dependent increase in 2-AG levels showed that p-amyrin exerts a combined
inactivation of the enzymes degrading 2-AG, inhibiting MGL, ABHD6 and ABHD12.

5. Conclusions

The fundamental role played by MGL in the degradation of the endocannabinoid 2-AG
identifies this enzyme as a potential target for pharmacological agents able to treat such
diverse pathological conditions as cancer, chronic pain and Alzheimer’s disease. In the last
decade, a great deal of effort has been put in the development of potent and selective MGL
inhibitors, arriving to the discovery of compounds that have become important
pharmacological tools for the identification and characterization of the biological effects
caused by MGL blockade. While the beneficial effects associated with MGL inhibition have
begun to emerge, serious potential liabilities have also been discovered. There is clear
evidence that chronic inhibition of MGL causes a functional antagonism of brain CB;
receptors and produces a variety of undesired effect, including physical dependence. Thus,
the need to discover selective and reversible MGL inhibitors remains urgent. The
identification of critical cysteine residues that are able to regulate MGL activity, although
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not directly involved in the enzymatic process, is of interest in this context as it might lead
to develop allosteric modulators endowed with greater selectivity and fewer side effects. In
this perspective, the characterization of MGL 3D-structures facilitated the rational design of
novel MGL inhibitors. In spite of this, while an exhaustive description of the active site
architecture has been provided, the structural basis for the conformational plasticity of the
lid domain is still largely unknown. One possibility is that this structure serves as a flexible
gate into the active site during the catalytic cycle of the enzyme. However, the events that
trigger its opening and closing remain mysterious.
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Figure 1.
Schematic overview of 2-AG metabolism.
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Figure 2.
Superposition of MGL-crystallized structures with regulatory cysteines (Cys201, Cys208

and Cys242) shown as bold sticks. The catalytic triad residues are shown as sticks. The
crystal structures present different conformations of the lid domain. The lid domain in its
open conformation (PDB: 3HJU) is colored in light blue; the lid domain in closed
conformation (PDB: 3PES6) is colored in green.
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Figure 3.
Crystallized MGL-inhibitor complexes. Panel A: superposition of MGL crystal structures

(represented with grey cartoon; the lid domain is blue-colored; side chains of the catalytic
triad and of Cys242 are represented in sticks with grey carbons) covalently bound to the
irreversible inhibitors SAR629 (PDB: 3JWE, orange carbons) and SAR127303 (PDB:
4UUQ), cyan carbons). Panel B: crystal structure of MGL (PDB: 3PE6) in complex with the
inhibitor ZYH (green carbons).
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Figure 4.
Structures of MGL inhibitors targeting the catalytic pocket.
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