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Introduction

Fatty acids are essential to life. Their contributions range from
providing energy stores and precursors of cell membrane con-
stituents to binding to nuclear receptors in order to modulate
gene transcription. In addition, several lipids, termed endocan-
nabinoids, were identified in the nineties as new molecular
messengers. These bind to and activate the CB1 and CB2 canna-
binoid receptors,[1, 2] the molecular targets for the main Canna-
bis sativa L. psychoactive compound, D9-THC. Along with anan-
damide,[3] 2-arachidonoylglycerol (2-AG)[4, 5] mediates retrograde
signaling[6] and plays a major role in the endocannabinoid
system.

Beside the regulation of anandamide tone by the fatty acid
amide hydrolase (FAAH), regulation of 2-AG degradation path-
ways also constitutes a major challenge for both understand-
ing the endocannabinoid system and for therapeutic purpos-
es.[7–9] 2-AG acts as a retrograde messenger to modulate synap-
tic transmission, and different pieces of evidence point towards
2-AG as the putative “true” endogenous ligand of cannabinoid
receptors.[10] First of all, it is the most abundant endocannabi-
noid in the brain,[11] and second, unlike anandamide, it acts as
a full agonist at both CB1 and CB2 cannabinoid receptors. 2-AG
elicits a wide range of beneficial properties, among which anal-
gesic, anti-inflammatory,[12, 13] immunomodulating,[14, 15] neuro-
protective[16] and hypotensive effects,[17] as well as the ability to
inhibit the growth of prostate and breast cancer cells.[18, 19]

2-AG transmission is tightly regulated by MAGL,[20–22] an
ubiquitous 33 kDa enzyme, now considered a promising target
for the development of antiinflammatory and analgesic com-
pounds.[13, 23] Indeed, despite the fact that in vitro, different
enzymes are able to hydrolyse 2-AG, recent evidence suggests
that MAGL is the major enzyme responsible for the regulation

of 2-AG levels. First, RNA silencing of MAGL in HeLa cells yields
an increase in 2-AG levels in HeLa cells.[24] Second, despite the
identification of two additional 2-AG hydrolases (ABHD6 and
ABHD12), activity-based proteome profiling allowed assign-
ment of 85 % of the total 2-AG hydrolysis in the brain to
MAGL.[22] And last, in vivo administration of JZL184, the first
selective MAGL inhibitor, produces a fourfold increase in 2-AG
levels, without affecting other monoacylglycerols and N-acyl-
ethanolamines.[13] Interestingly, JZ184, as well as OMDM169,
another selective MAGL inhibitor, has displayed analgesic prop-
erties in two different models of pain in mice.[13, 23]

2-Arachidonoylglycerol plays a major role in endocannabinoid
signaling, and is tightly regulated by the monoacylglycerol
lipase (MAGL). Here we report the crystal structure of human
MAGL. The protein crystallizes as a dimer, and despite structur-
al homologies to haloperoxidases and esterases, it distin-
guishes itself by a wide and hydrophobic access to the catalyt-
ic site. An apolar helix covering the active site also gives struc-
tural insight into the amphitropic character of MAGL, and likely
explains how MAGL interacts with membranes to recruit its

substrate. Docking of 2-arachidonoylglycerol highlights a hy-
drophobic and a hydrophilic cavity that accommodate the
lipid into the catalytic site. Moreover, we identified Cys201 as
the crucial residue in MAGL inhibition by N-arachidonylmalei-
mide, a sulfhydryl-reactive compound. Beside the advance in
the knowledge of endocannabinoids degradation routes, the
structure of MAGL paves the way for future medicinal chemis-
try works aimed at the design of new drugs exploiting 2-arach-
idonoylglycerol transmission.
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These data highlight the physiological relevance of MAGL in
the regulation of 2-AG signaling. However, apart from JZL184,
which was recently developed, therapeutic exploitation and
fundamental knowledge of MAGL still suffer from the paucity
of the inhibitors available. These lack either potency or selec-
tivity towards FAAH or other carboxylesterases. In this context,
the knowledge of MAGL tridimensional structure would consti-
tute a precious tool to help the design of such compounds.

Here, we report the tridimensional structure of human
MAGL and present the key structural features that enable the
enzyme to accomplish its biological functions. Beside the
in-depth knowledge of the major pathway that governs 2-AG
hydrolysis, it should constitute a step forward in the race to
design new pharmacological and therapeutic agents on a ra-
tional basis.

Results and Discussion

Overall fold

The structure of human MAGL was solved at 2.2 � resolution
by X-ray diffraction. The protein crystallized in I222 space
group, with two molecules per asymmetric unit (Figure 1). The
two monomers are in contact by a surface of 884 �2; this rep-
resents about 7 % of the total surface of a monomer. Consis-
tently, MAGL was found as a dimer in a mass spectrometry ex-
periment and no peak corresponding to the monomeric pro-

tein was found after gel filtration chromatography. Moreover,
both catalytic site entries face the same direction and are thus
properly oriented to interact with the membrane in order to
recruit the substrates, similar to what was reported following
elucidation of the FAAH structure, the main enzyme responsi-
ble for anandamide catabolism.[25] Taken together, these data
strongly suggest that MAGL is organized as a biological dimer.

According to secondary structure prediction,[20] MAGL archi-
tecture presents the hallmark of the a/b hydrolases superfami-
ly. The central b-sheet, constituted of seven parallel and one
antiparallel strands, is surrounded by six a helices (Figure 1). A
cap domain, which varies much more among the members of
this superfamily, covers the structurally conserved b-sheet and
the active site. Buried below the cap is the catalytic triad,
closely superimposed on that of other hydrolases and haloper-
oxidases, and made up of residues Ser122, Asp239 and His269.
The tridimensional structure thus provides the first direct evi-
dence of the identity of this catalytic triad, previously reported
based on mutagenesis studies.[20] The Ser122 is located in the
GXSXG consensus sequence, between helix a3 and strand b5,
in the so-called “nucleophilic elbow” sharp turn found within
this superfamily. The oxyanion hole is constituted by backbone
NH from Ala51 and Met123 and stabilizes the tetrahedral
anionic intermediate during hydrolysis (Figures 1 and 4).

The chloroperoxidase from Streptomyces lividans[26] had been
previously used as a template structure to construct a homolo-
gy model of MAGL.[27, 28] Nevertheless, careful inspection of this

protein folding, as well as that
of other structural homologues
(i.e. , haloperoxidases,[26] esteras-
es,[29, 30] the hypothetical protein
PA2218 from Pseudomonas Aer-
uginosa, gastric lipase,[31] etc.)
reveals that although their cen-
tral core and catalytic triad su-
perpose very well with that of
MAGL, all these structures differ
much more if the cap domain
(that is, from residue 151 to 225
in MAGL) and substrate binding
site are considered. This is ex-
plained by the poor sequence
homology between MAGL and
its closest homologues, which is
almost inexistent within the cap
domain and reaches only 20 %
at best for the whole sequence.
In esterases and haloperoxidas-
es cited above, this cap consists
of four a helices organized to
form two superimposed V-
shaped structures (Figure 2). In
MAGL however, this region
varies substantially. While in the
upper part, the first a helix (a4)
has moved ~15 � outwards
compared to chloroperoxidases,

Figure 1. Overall structure of hMAGL. A) MAGL asymmetric unit. a4 helix is colored magenta. Membrane represen-
tation is a palmitoyloleoylphosphatidylethanolamine bilayer minimized using molecular dynamics simulation.[47]

B) Left : Side view of a MAGL monomer, with catalytic triad represented as sticks, and cap domain colored magen-
ta. Right: Top view (908 rotation) of the same MAGL subunit.
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the second helix is absent and replaced by a long loop con-
necting a4 to a5 (Figure 2 and Figure S3 in the Supporting
Information). Similarly, in the lower part of this cap, a longer
loop (ten residues, ranging from 197 to 206, compared to
three in chloroperoxidases) connects a5 to a6 helices. Through
these modifications, the V-shaped organization of the four a

helices of esterases and haloperoxidases is replaced by a wider
U-shaped structure, and this allows MAGL to offer substrates
broader access to the active site compared to related proteins.
It is noteworthy that the architecture of this cap is structurally
closest to that of the “hypothetical protein PA2218” from
Pseudomonas aeruginosa, a protein of unknown function (Fig-
ure S3).

Substrate recruitment

Electrostatic and lipophilic potential surfaces highlight another
major structural feature of MAGL (Figure 2). Inside the cap
domain, and lining the active site access, the a4 helix is neutral
and very lipophilic. Therefore, this helix defines a zone of
marked hydrophobicity at the surface of MAGL. Moreover, to-
gether with residues Leu174 and Leu176, this zone lines the
main part of the rim constituting the entry to the active site. In

the closely related arylesterase
and chloroperoxidase, the corre-
sponding helix is charged and
more hydrophilic, and therefore
the surface exposed to the sol-
vent is in accordance with the
less lipophilic nature as well as
the expected cytosolic localisa-
tion of their substrates (small
esters and organic acids, respec-
tively) compared to 2-AG.

It is useful here to mention
that since its discovery, MAGL
was sometimes considered a cy-
tosolic enzyme and sometimes
a membrane-associated one. Ex-
pression in cos-7 cells, for exam-
ple, results in hydrolase activity
that can be found both in the
cytosol and in the membrane
fraction of the cells.[21] Similarly,
by using the activity-based pro-
teome profiling technology, Cra-
vatt’s team found MAGL both in
soluble and membrane mouse
brain proteomes.[22] Apolar and
lipophilic residues in the a4
helix neither point towards the
active site nor towards the
active site access, but rather to-
wards the outside of the pro-
tein; this suggests that MAGL is
present in the cell as an amphi-
tropic enzyme and that this

hydrophobic helix allows the soluble protein either to get in
close contact with or to anchor in the membrane in order to
reach its lipophilic substrates (Figures 1 and 2). Following this,
the organization of the cap, together with the hydrophobic
rim, would constitute an optimal entry for the hydrophobic
and voluminous substrate 2-AG. Moreover, similarly to what
was reported following elucidation of FAAH structure, three
more hydrophilic residues span one of the sides of the rim
that gives access to the active site. Indeed, Asn152, Glu154
and Lys160 side chains could putatively provide MAGL the
means to interact through ion–dipole and dipole–dipole inter-
actions with the polar 2-AG glycerol moiety before it plunges
into the active site pocket (Figure 2). Alternatively, Lys160
might interact with negatively charged membrane phospholi-
pids. Therefore, taken together, these particularities likely
render MAGL able to recruit lipid substrates from their mem-
brane environment and lead them to the active site to stop
their action. It is also possible for a post-translational event
(i.e. , glycosylation, phosphorylation) to be involved in this
translocation between the membrane and the cytosolic com-
partment. Indeed, rat and mouse brain MAGL were reported to
migrate as two bands in gel electrophoresis.[21, 32] Further stud-
ies are needed to clarify this.

Figure 2. Comparison of the variable cap domain and active site entry of MAGL and chloroperoxidase F from Pseu-
domonas fluorescens. Middle: V-shaped organization of the chloroperoxidase cap (colored green) is clearly appar-
ent. MAGL cap architecture (colored magenta) varies substantially. This allows MAGL cap to tend towards a more
U-shaped architecture, and a wider active site access, as seen in the surface representations. Left : Surface repre-
sentation, colored following lipophilic potential (VASCo software; brown: lipophilic; blue: hydrophilic; white: in
between). In MAGL, the a4 helix has a marked hydrophobic character. Right: Surface representation, coloured fol-
lowing electrostatic potential (Delphi software; red: negative; blue: positive; white: neutral). In MAGL, the a4
helix is much more neutral than the corresponding helix in chloroperoxidase F. Top right: Magnification of this
helix and its neighbourhood, with hydrophobic residues highlighted.
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Biological function of the cap

Interestingly, a comparison between MAGL and two triglycer-
ide lipases, dog gastric and human pancreatic lipases, the
structures of which have been elucidated, reveals drastic differ-
ences that are essential to explain their distinct biological func-
tions (Figure 3).

Open forms of gastric and pancreatic lipases reveal how
these proteins, while structurally distant from each other, have
evolved to adopt a wider, less restricted space in the near envi-
ronment of the nucleophilic serine. This likely explains their
substrate specificity, and more particularly their ability to hy-
drolyse more voluminous substrates—that is, di- and triglycer-
ides—compared to MAGL, which was reported to be inactive
on such compounds. Considering this point, MAGL seems to
be at the frontier between haloperoxidases, which act on small
organic acids, and di- or tri-glyceride lipases (Figure 3).

Beside this, in these lipases, the cap domain has evolved to
serve as a lid; this allows the enzymes to unveil their otherwise
unreachable hydrophobic active sites if the proteins come into
contact with lipid droplets. This process has been termed inter-
facial activation,[33] and thereby allows the enzyme to exist in
two main conformational states, a closed and an open form.
Along this line, it would not be surprising if this first structure

of MAGL did not constitute the
unique biologically relevant
conformation adopted by the
enzyme.

The elucidation of open
structures of other lipases classi-
cally required the use of an
amphiphile, an inhibitor or a
lipid.[31, 34, 35] However, human
pancreatic lipase-related pro-
tein 2 (HPLRP2) has been re-
ported to crystallize in its open
conformation without the need
of a detergent or inhibitor.[36]

Based on the fact that an inhibi-
tor (E600, diethyl p-nitrophenyl
phosphate) freely reaches the
HPLRP2 active site in a deter-
gent-free solution and on the
lack of interfacial activation, the
authors suggested the elegant
hypothesis that the enzyme nat-
urally adopts this conformation
in solution, and related this to
the HPLRP2 preference for sub-
strates present in solution as
monomers or forming small mi-
cellar aggregates.

The MAGL structure reported
herein represents an “open”
form, that is, a conformation
that allows access to the active
site. On the one hand, deter-

gents are not required for crystallization or to allow inhibitors
to access the active site. Beside this, no interfacial activation
has been described for MAGL, neither is there any evidence
that alternative biological conformations do exist. Taken to-
gether, this tends to support the idea that MAGL is naturally
open in solution. On the other hand however, we can not to-
tally rule out the possibility that the conformation observed
here could have been facilitated or stabilized by the crystal
packing or by a detergent used during the purification step—
despite the fact that it is not visible in the electron density.
The a4 helix in the B monomer is poorly defined; thus, this
also suggests a certain flexibility.

This question is of crucial importance, and it is likely that the
elucidation of other crystal forms and/or crystallization condi-
tions will be of great value for providing insight into MAGL
cap biological function and to gain information about this hy-
pothetic conformational change that could occur in the cap if
the enzyme reaches its site of action or during the substrate
recognition process.

With the idea of exploring the possible existence of another
lid conformation, and most importantly for drug design pur-
poses, we tried to obtain the structure of enzyme–inhibitor
complexes. However, crystal soaking was unsuccessful, as no
electron density corresponding to the compound could be

Figure 3. Through their cap organization, four a/b hydrolases have evolved to display different substrate specifici-
ties. From top to bottom: ribbon representation, surface representation (with the variable cap domain colored
and nucleophilic serine in red), and transverse section highlighting the near environment of the nucleophilic ser-
ine (lined in red). From left to right: chloroperoxidase F, human MAGL, dog gastric and human pancreatic lipases.
Access to the active site and to the nucleophilic serine is wider as we move from chloroperoxidase F (which acts
on small organic acids) to dog gastric and human pancreatic lipases (which acts on triglycerides). In MAGL, com-
pared to the latter two, a more restricted space near the nucleophilic serine explains its inability to hydrolyze
di- and triglycerides.
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detected in the electron density map. Labelling the protein
with LY2183240 or MAFP during the purification process, as
well as cocrystallization experiments, also failed to produce
crystals. The reasons for this are unclear. In the crystal soaking
experiment, this might reflect an inaccessibility of the active
site due to crystal packing. However, as our attempts to crys-
tallize the enzyme previously bound to the inhibitors also
failed, this could precisely constitute an argument towards the
idea of a conformational change. Supporting this latter hy-
pothesis is the fact that the hydrophobic a4 helix is involved
in crystal packing. Therefore, if such a conformational change,
even subtle, occurs following the binding of an inhibitor, it is
likely that this event would be enough to prevent the crystal
growth.

Binding of the natural substrate

Elucidation of the MAGL structure provides the first structural
basis for rational drug design. To illustrate this and to highlight
some key structural features of the active site, 2-AG has been
docked in MAGL, simulating the tetrahedral intermediate state
covalently bound to Ser122 Og (Figure 4). This reveals a cavity
able to accommodate the long and flexible lipid chain of the
substrates. This cavity becomes wider as one moves away from
the catalytic triad environment, deeply buried in the protein,
to the surface of the protein. Several hydrophobic residues
cover the channel leading from the surface to the nucleophilic
serine. Indeed, Leu148, Ala164, Leu176, Ile179, Leu205, Val207,
Ile211, Leu213, Leu214, VaL217 and Leu241 side chains are
properly located to interact with the arachidonoyl moiety of
2-AG, and mediate the MAGL substrate specificity for lipid sub-
strates.

Figure 4. Docking of 2-AG in the active site of MAGL. The natural substrate is bound in the tetrahedral intermediate state to Ser122. The four first conforma-
tions found by using Gold software are represented using different colours. A) Acyl-binding and B) alcohol-binding sites are highlighted, as well as C) the glyc-
erol exit channel. Side chains of residues interacting with the 2-AG acyl moiety or lining the hydrophilic cavity are represented as sticks. The interactions in
the oxyanion hole are represented with dashed lines. The a4 helix is also indicated by arrows.
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The near environment of the catalytic triad presents a more
hydrophilic character than the channel pointing towards the
enzyme surface. Besides the backbone NH from Met123 and
Ala51, which form the “oxyanion hole,” the Tyr58 hydroxyl
group, the NH from the His121 and His272 side chains, the
guanidinium from Arg57, the carboxylate from Glu53, and the
backbone carbonyl from Ala51 delimit a polar cavity that ac-
commodates the polar glycerol head group of 2-AG. A glycerol
molecule found in this alcohol-binding pocket is in support of
the proposed binding mode of 2-AG. A positive electron densi-
ty feature was apparent in the vicinity of the oxyanion hole at
the end of the structure-refinement process. This was located
at the entry of this polar cavity and precisely at the same place
as the glycerol moiety in 2-AG docking results. A glycerol mol-
ecule, used as a cryoprotectant after the purification proce-
dure, was found to fit nicely in this region of high positive
electron density, and therefore gives us an insight into sub-
strate–enzyme interactions in the alcohol-binding cleft (Fig-
ure 5). The glycerol alcohol moieties are in interaction with the
Ala51 carbonyl group, Tyr194 alcohol and Glu53 carboxylate.
The His121 lateral chain and a conserved water molecule
inside the cavity are located close to the alcohol and therefore
might also interact with the glycerol function and participate
to the MAGL selectivity for monoacylglycerols.

To further illustrate the contribution provided by this alco-
hol-binding pocket to the substrate specificity, MAGL and the

aryl esterase from Pseudomonas fluorescens were compared.[29]

In the latter, in which substrates are esters with a small acyl
group and an aryl-alcohol moiety, the small pocket corre-
sponding to this area is much more hydrophobic and is bor-
dered by aromatic or aliphatic residues. Therefore, this allows
interaction with the aryl group of the substrate.

MAGL was reported to hydrolyse 1-OG and 2-OG at similar
rates,[37] and docking of 2-AG allows to understand this lack of
selectivity. In cases in which the fatty acyl chain is bound in
the 2 position, the glycerol moiety does not entirely fill up the
hydrophilic cavity, which extends somewhat deeper in the
active site (Figure 4). Therefore, the glycerol group of 1-OG can
freely be accommodated in the same pocket without encoun-
tering a steric hindrance, and stretches to the bottom of the
cavity (Figure S4).

Another interesting feature consists of a small opening of
about 5 � diameter connecting the active site to the outside
of the protein (Figures 1 and 4). The aperture forms thanks to
the original architecture of the MAGL cap domain, more pre-
cisely the loops connecting a4 to a5 and a5 to a6 helices, and
the last portion of the a5 helix. This small channel, coated by
Pro178 to Ser181, Leu184, Tyr194, Asn195, Arg202 and Ala203,
and perpendicular to the trajectory leading from the hydro-
philic pocket to the membrane binding site, could constitute
an optimal exit door for the glycerol moiety, released after 2-
AG hydrolysis.

Figure 5. Electron density in MAGL active site. A glycerol molecule is bound in the alcohol-binding pocket. A) Electron density map (2Fo�Fc, blue mesh, con-
toured at 1s ; Fo�Fc, green mesh, contoured at 3s) showing a residual electron density in the alcohol-binding pocket. This residual density in the experimental
map is most probably due to a glycerol molecule, used as a cryoprotectant. B) This residual electron density disappears when a glycerol molecule is included
in the model. Distances between glycerol oxygen atoms and the amino acids properly placed to establish hydrogen bonds with are indicated in angstroms. A
water molecule is represented by a red cross.
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Towards the rational design of MAGL inhibitors

The most potent MAGL inhibitors reported to date are JZL184
and the 2,5-regioisomer of the Eli-Lilly compound LY2183240
(compound 1). JZL184 is more potent than compound 1, with

IC50 values of 8 nm and 20 nm, respectively.[13, 38] Unlike com-
pound 1, JZL184 also offers the advantage of an improved se-
lectivity for MAGL versus FAAH. We docked these two com-
pounds in the MAGL cavity, both in the tetrahedral intermedi-
ate state (Figure 6). The small AM6701 dimethylamino group
fails to properly fill the hydrophilic cleft, and it is likely that in-
creasing the size and hydrophilicity of this moiety could help
increase inhibitory potency. On the contrary, the p-nitrophenyl
group of JZL184 fits better in this cavity than the correspond-
ing substituent of compound 1. This could reflect the im-
proved inhibitory potency reported for JZL184 compared to
compound 1. Alternative conformations of the JZL184 bis-
(methylene-3,4-dioxyphenyl) group were found to coexist. This
permissiveness is allowed by the width of the active site en-
trance, which also provides a rational explanation for the re-
ported JZL184 selectivity. Indeed, while its wide active site
access allows MAGL to accommodate the bulky bis(methylene-
3,4-dioxyphenyl) group, FAAH displays much narrower cavities
into which JZL184 can hardly slip.

N-arachidonylmaleimide binding

Four cysteines are present in human MAGL, three of which are
located in the vicinity of the catalytic site (Cys201, Cys208,
Cys242). Since the first purification of monoacylglycerol lipase,
it is known that sulfhydryl-reacting compounds inactivate
MAGL.[37] Saario and colleagues then reported the use of a
series of maleimide-based compounds as inhibitors, with N-
arachidonylmaleimide (NAM) as the most potent representa-
tive. Based on a homology model, they proposed an inhibition
mechanism involving a Michael addition of the maleimide
moiety on either the Cys208 or Cys242 residue.[27] By mutating
rat MAGL residues corresponding to Cys208 and 242, a subse-
quent study pointed to Cys242 as the crucial residue responsi-
ble for this inactivation.[39] However, the relief of inhibition gen-

erated by the C242A mutation remained modest (pIC50 on WT
rat MAGL = 5.55 vs. 5.19 for the mutated enzyme). The present
crystal structure reveals that Cys201 is located near the catalyt-
ic site, in a loop connecting a5 to a6 helices. Accessible from
the inside of the catalytic site, Cys201 therefore constitutes a
good candidate for the regulation of MAGL activity. On the
contrary, Cys208, residing in the a6 helix, points towards the
outside of the protein, and hence seems incorrectly placed to
react with NAM. To clarify this, we decided to mutate these
three cysteines, and to measure the inhibitory potential of
NAM (Figure 7).

As a result, we reproduced here the very slight decrease in
NAM sensitivity previously observed by Zvonok in the C242A
mutant. We also noticed an increase in the inhibiting power in
the C208A and C208A/C242A mutants (pIC50 for WT = 6.27�
0.03; C242A = 6.11�0.04; C208A = 6.64�0.04; C208A/C242A =

6.48�0.03). This leads to several conclusions. First, when
Cys208 is absent, NAM is more available to inhibit MAGL
through one or several other cysteine(s). Second, the decrease
in NAM inhibitory potency in the C242A mutant reflects the
binding of NAM to Cys242, but the weakness of this effect sug-
gests that this event is not a determining factor and only leads
to a modest inhibition of activity. Last, the overall increase in
pIC50 in the C208A/C242A double mutant is a definite evidence
that another cysteine is more crucial than Cys208 or Cys242
for MAGL inhibition by NAM.

Indeed, C201A simple mutant showed a substantial decrease
in the inhibitory potential (pIC50 for C201A = 5.38�0.14). More-
over, NAM was unable to completely inhibit the activity of this
mutant enzyme, as about 35 % activity remained at 10�4

m.
C201A/C208A/C242A triple mutant did not display significant
inhibition by NAM; this reflects the fact that the residual inhibi-
tion observed in the C201A mutant involves the Cys242 resi-
due, located only 4 � away from the nucleophilic serine.

Interestingly, during the writing of this paper, King and col-
leagues reported a similar decrease in NAM sensitivity in a rat
MAGL C201A simple mutant.[40] Therefore, taken together,
these results are definitely more in accordance with an inhibi-
tion mainly involving Cys201, although an alternative, albeit
much less decisive, mechanism might be possible, involving a
binding to Cys242.

Conclusions

Recent data suggest a tissue-specific function for MAGL.
Beside its crucial role in the termination of 2-AG synaptic sig-
naling in the brain, it is assumed to be responsible for an alter-
native function in the metabolism of triglycerides. In the adi-
pose tissue, it is thought to follow the action of adipose trigly-
ceride lipase (ATGL) and hormone sensitive lipase (HSL) to
complete the total hydrolysis of triglycerides to fatty acids and
glycerol.[41] In the liver, MAGL could be involved in the mobili-
zation of triglycerides for secretion.[42]

The crystal structure described herein reveals how MAGL has
evolved to distinguish itself from the huge number of proteins
that belong to the a/b hydrolase fold superfamily. These adap-
tations mainly arise from remodeling of the architecture and
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properties of the cap domain;
this allows interaction with
membranes and the creation of
a mix hydrophobic/hydrophilic
environment optimal for the ac-
commodation of monoacylgly-
cerols in the catalytic site. Inside
the catalytic site, targeting
Cys201 and Cys242 provides
the means to regulate MAGL
activity.

As mentioned above, MAGL
is a hot therapeutic target, be-
cause the design of selective
and potent inhibitors could pro-
vide unique tools to interfere
with 2-AG degradation and to
finely modulate the endocanna-
binoid signal. Considering the
very hydrophobic nature of the
acyl-binding pocket and the
need to design drug-like inhibi-
tors of MAGL, exploiting the
small polar alcohol-binding
pocket revealed by our work
constitutes a promising ap-
proach to overcome the prob-
lems associated with the use of
lipophilic compounds like N-
arachidonylmaleimide.[27]

Thus, besides contributing to
an in depth knowledge of the
routes that govern lipid metab-
olism and regulate endocanna-
binoid levels, the tridimensional
structure of human monoacyl-
glycerol lipase paves the way
for future medicinal chemistry
endeavours aimed at the design
of new and valuable drugs ex-
ploiting 2-AG transmission.

Experimental Section

MAGL cloning and expression:
Human MAGL was produced in
the E. coli Rosetta strain, as previ-
ously described by our group,
with only minor modifications.[43]

Purification was performed by a
combination of streptactin and
ion metal affinity chromatography.
However, after the second purifi-
cation step, MAGL sample was
loaded once again onto streptac-
tin column, washed with buffer A
(15 mm Hepes, 1 mm dithiothrei-
tol, pH 8.2), and eluted with the

Figure 6. Docking of the A) 2,5-isomer of LY2183 240 (compound 1) and B) JZL184 in the active site of MAGL. Both
compounds are bound in the tetrahedral intermediate state to Ser122. Two main conformations were found for
the latter.
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same buffer supplemented with desthiobiotin (2.5 mm). Glycerol
(10 %, m/v) was then added, and protein was concentrated to
~15 mg mL�1.

For selenomethionyl MAGL production, cultures were grown in
minimal media. At an O.D. of 0.6, a mixture of amino acids was
added (l-threonine 100 mg L�1, l-lysine 100 mg L�1, l-phenylalanine
100 mg L�1, l-leucine 50 mg L�1, l-isoleucine 50 mg L�1 and l-valine
50 mg L�1) and the culture was incubated for 1 h at 37 8C. Follow-
ing this, protein production and purification were performed as for
the native MAGL. It is noteworthy to mention that lower yields
were obtained for selenomethionyl compared to native MAGL pro-
duction (typically 1 mg and 5 mg per liter of culture medium, re-
spectively).

Crystallization: crystals were grown by the hanging drop and
under oil crystallization methods. For native MAGL, best crystals
were obtained by mixing concentrated MAGL (1 mL) with crystalli-
zation mixture (1 mL, 70 mm sodium cacodylate, 45 % 2-methyl-2,4-
pentanediol, pH 4.5) in the presence of hexaethyleneglycol mono-
decylether (0.1 mm). Crystals grew from a precipitate, and typically
reached their maximum size after incubation at room temperature
during one to two weeks. For the heavy metal soaking experiment,
crystals, obtained by mixing protein solution (1 mL) with of crystalli-
zation mixture (1 mL, 70 mm sodium cacodylate, 40 % 2-methyl-2,4-
pentanediol, pH 3.0) were soaked for 45 min in mother liquor sup-
plemented with PEG 8k (5 %) and KAu(CN)2 (10 mm). Crystallization

of the selenomethionyl derivative was achieved by mixing protein
solution (1 mL) with of crystallization mixture (1 mL, 70 mm sodium
cacodylate, 35 % 2-methyl-2,4-pentanediol, pH 5.0) in the presence
of lauryl dimethylamine N-oxide (LDAO, 1–3 mm). It has to be
noted that the presence of detergent was absolutely required for
the crystallization of this MAGL derivative, as no nucleation oc-
curred when LDAO was omitted.

Data collection and model building: Diffraction data were collect-
ed at the European Synchrotron Radiation Facility (ESRF; BM30A
and ID29) at 100 K. The data were processed by using the XDS pro-
gram.[44] First crystals diffracted to 3 �. After several unsuccessful
attempts to solve the structure by molecular replacement, the
structure was solved using a combination of SIRAS (single isomor-
phous replacement with anomalous signal) and SAD (single wave-
length anomalous diffraction) by using SHARP/Autosharp soft-
ware.[45, 46] Following manual building of the human MAGL model
in the experimental electron density map (Figure S1), crystals with
improved resolution were grown, and the coordinates of the final
human MAGL model at 2.2 � have been deposited in the protein
data bank (PDB ID: 3HJU). Further details are available in the Sup-
porting Information.

Mutants construction: MAGL mutants genes were obtained by fol-
lowing standard molecular biology protocols and were entirely se-
quenced to confirm the absence of unwanted mutations. Produc-
tion was carried out as described for the wild-type enzyme. How-
ever, after expression of the proteins, E. coli pellet was harvested,
resuspended in a Tris buffer (50 mm Tris, 200 mm NaCl, 0.1 %
LDAO, pH 9.5) and submitted to sonication to disrupt the cells. The
lysate was then centrifuged at 10 000 g for 35 min and the super-
natant containing WT or mutant MAGL was frozen at �80 8C until
use. A control culture not bearing MAGL encoding plasmid con-
firmed the absence of endogenous E. coli 2-oleoylglycerol hydro-
lase activity.

MAGL esterase activity assay: MAGL activity was measured by
following 2-oleoyl glycerol (2-OG) hydrolysis, as previously de-
scribed.[21] Briefly, 2-OG (10 mm ; [3H]-2-OG 50 000 dpm, American
Radiolabeled Chemicals, St. Louis, MO, USA) was incubated at 37 8C
for 10 min in the presence of soluble fraction of E. coli lysate
(50 mm Tris buffer, pH 8.0; 200 mL of total volume assay) and the
inhibitor (10 mL, dissolved in DMSO). The reaction was stopped by
adding methanol/chloroform (1:1; 400 mL), and the radioactivity
was measured in the upper aqueous phase by liquid scintillation
counting. N-Arachidonylmaleimide (NAM) was purchased from
Cayman Chemical (Ann Arbor, MI, USA). The results are expressed
as percent of control activity for the inhibitor evaluation experi-
ments. GraphPad prism was used to treat the data and to analyse
the dose-response curves. Inhibitor potency is expressed as pIC50

values � standard error of the mean (sem).

For additional materials and methods see the Supporting Informa-
tion.
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Figure 7. NAM inhibits human MAGL by targeting Cys201. A) Dose-depen-
dent inhibition of wild-type and mutant MAGL by NAM. Values are ex-
pressed as percent of control and represent mean �SEM of at least four ex-
periments done in duplicate. B) Docking of NAM in the active site of MAGL,
bound to Cys201. The main conformations found by using Gold software
are represented with different colours. Catalytic triad is coloured in orange,
and Cys201, Cys208 and Cys242 are represented.
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