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Abstract: The cocrystal X-ray structures of two isomeric R-ketooxazole inhibitors (1 (OL-135) and 2) bound
to fatty acid amide hydrolase (FAAH), a key enzymatic regulator of endocannabinoid signaling, are disclosed.
The active site catalytic Ser241 is covalently bound to the inhibitors� electrophilic carbonyl groups, providing
the �rst structures of FAAH bound to an inhibitor as a deprotonated hemiketal mimicking the enzymatic
tetrahedral intermediate. The work also offers a detailed view of the oxyanion hole and an exceptional
�in-action� depiction of the unusual Ser-Ser-Lys catalytic triad. These structures capture the �rst picture of
inhibitors that span the active site into the cytosolic port providing new insights that help to explain FAAH�s
interaction with substrate leaving groups and their role in modulating inhibitor potency and selectivity. The
role for the activating central heterocycle is clearly de�ned and distinguished from that observed in prior
applications with serine proteases, reconciling the large electronic effect of attached substituents found
unique to this class of inhibitors with FAAH. Additional striking active site �exibility is seen upon binding of
the inhibitors, providing insights into the existence of a now well-de�ned membrane access channel with
the disappearance of a spatially independent portion of the acyl chain-binding pocket. Finally, comparison
of the structures of OL-135 (1) and its isomer 2 indicates that they bind identically to FAAH, albeit with
reversed orientations of the central activating heterocycle, revealing that the terminal 2-pyridyl substituent
and the acyl chain phenyl group provide key anchoring interactions and con�rming the distinguishing role
of the activating oxazole.

Introduction

Endogenous cannabinoids (endocannabinoids) are a class of
signaling lipids that include N-arachidonoyl ethanolamine
(anandamide)1 and 2-arachidonoyl glycerol (2-AG),2 which
activate cannabinoid receptors CB1 and CB2 to modulate a
range of mammalian behaviors, including pain, inflammation,
appetite, motility, sleep, thermoregulation, and cognitive and
emotional states.3 Anandamide and related bioactive fatty acid
amides (e.g., oleamide)4 (Figure 1A) are inactivated by the
membrane-bound serine hydrolase fatty acid amide hydrolase5

(FAAH).

Preventing the degradation of such endogenous signaling
molecules provides an attractive approach for therapeutic
intervention that may avoid the side effects associated with direct
cannabinoid receptor agonists. Because FAAH blockade only
potentiates an activated signaling pathway by raising the
endogenous concentration of the released lipid signaling mol-
ecule at its site of action, it provides a temporal and spatial
pharmacological control that is not typically available to a more
classical direct receptor agonist. Extensive research efforts have
succeeded in identifying highly potent and selective FAAH
inhibitors.6 Understanding the mechanism of inhibition for this
atypical hydrolytic enzyme from a structural perspective is of
central importance.

FAAH belongs to the amidase signature (AS) class of
enzymes, a subclass of serine hydrolases that has an unusual
Ser-Ser-Lys catalytic triad (Ser241-Ser217-Lys142 in FAAH).
FAAH and other AS enzymes also possess a characteristic
oxyanion hole, which has an important role in stabilizing
intermediates. The catalytic mechanism of FAAH involves the
formation of a tetrahedral intermediate, derived from the nucleo-
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philic attack of the catalytic Ser241 residue on the carbonyl
group of the substrate. In the case of anandamide, the tetrahedral
intermediate collapses to form ethanolamine and the enzyme-
bound arachidonoyl-intermediate. Lys142 acts as a general base-
general acid during these two events, mediating the deproto-
nation of Ser241 and the subsequent protonation of the leaving
group. Both of these events are coordinated through Ser217,
which acts as a proton-shuttle between Lys142 and Ser241. An
extensive series of kinetic studies support these distinct roles
for Ser241, Ser217, and Lys142 in FAAH catalysis.7 The
reaction terminates with a water-mediated deacylation of the
enzyme-bound acyl-intermediate and release of the free fatty
acid (arachidonic acid in the case of anandamide) with restora-
tion of the active enzyme.

In addition to possessing an atypical catalytic core, FAAH
bears a series of channels and cavities that are functionally
relevant for substrate or inhibitor binding. These include the
membrane access channel (MAC), which connects the active
site to an opening located at the membrane anchoring face of
the enzyme; the cytosolic port that may allow for the exit of
hydrophilic products from the active site to the cytosol; and
the acyl chain-binding pocket (ABP), which is thought to bind
to the substrate’s fatty acyl chain during the catalytic reaction.

FAAH hydrolyzes a wide range of both ester and amide
substrates with primary amides being hydrolyzed 2-fold faster
than ethanolamides.8 Although FAAH binds to a large variety
of fatty acid chains with various levels of unsaturation and
lengths, namely between 7 and 20 carbons,9 it preferentially
hydrolyzes arachidonoyl or oleoyl substrates (arachidonoyl >
oleoyl, 3-fold).8 This large structural and size diversity among
FAAH substrates suggests that the enzyme has developed an
effective system to accommodate and bind multiple substrates.

Following early efforts that defined FAAH as a serine
hydrolase susceptible to inhibition by substrate-inspired com-
pounds bearing electrophilic carbonyls,10 we described the
development of a series of potent and selective inhibitors
enlisting R-ketoheterocycles.11 First introduced by Edwards et
al. for the inhibition of serine proteases,12 such inhibitors form
reversible covalent tetrahedral adducts with the nucleophilic
serine in the enzyme active site.13 In our efforts, initiated at a
time when there were still only a handful of such R-ketohet-
erocycle inhibitors disclosed, OL-13514 emerged not only as a
potent and selective lead inhibitor, but also one whose properties
were sufficient to provide in ViVo evidence that FAAH may
constitute an exciting, new therapeutic target for the treatment
of pain and inflammatory disorders.15 Among the most exten-
sively characterized FAAH inhibitors disclosed to date, OL-
135 (1) exhibits analgesic activity in pain models with efficacies
that match those of morphine (at 1-3 mg/kg, intraperitoneal
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Figure 1. (A) Endogenous substrates and their inactive enzymatic products.
(B) Two R-ketooxazole inhibitors of FAAH, 1 (OL-135) and 2. (C) Two
urea inhibitors of FAAH, PF-750 and PF-3845.
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administration), ibuprofen (at 100 mg/kg, intraperitoneal ad-
ministration), or gabapentin (at 500 or 100 mg/kg, oral or
intraperitoneal administration, respectively) at administered
doses (10-20 mg/kg, intraperitoneal administration) that ap-
proach or are lower than those of such common pain medica-
tions.15 Significantly, the analgesic effects are accompanied by
increased endogenous levels of anandamide and are observed
without the respiratory depression or chronic dosing desensitiza-
tion characteristic of opioid administration15b,16 or the increased
feeding, decreased mobility, and reduced motor control char-
acteristic of cannabinoid (CB1) agonist administration.15a,17

Here, we present the crystallographic structures of FAAH
bound to two R-ketooxazole inhibitors, OL-135 (1)14 and its
isomer 218 (Figure 1B). The structures offer insights into
inhibitor binding and inactivation of a humanized version of
the rat FAAH enzyme,20b confirming that Ser241 attacks the
electrophilic carbonyl of such inhibitors and providing the first
crystal structures of FAAH covalently bound to a deprotonated
hemiketal mimicking the tetrahedral intermediate of substrate
hydrolysis. Not only do these structures provide an exquisite
view of the oxyanion hole and a unique “in-action” depiction
of the catalytic mechanism of FAAH, but they suggest a role
for the inhibitor heterocycle that is surprisingly distinct from
that observed with other serine proteases.13,19 Additionally,
striking active site flexibility is revealed upon binding of the
inhibitors, providing insights into the coexistence of a membrane
access channel (MAC) and a spatially independent portion of
the acyl chain-binding pocket (ABP). The observed flexibility
revealed in the structures provides an additional view of the
rearrangements that the FAAH active site can accommodate for
inhibitor binding that are likely also relevant for substrate
recognition and catalysis.

Results

The structure of FAAH bound to the R-ketooxazole inhibitors
OL-135 (1) and 2 have been solved at a resolution of 2.55 and
1.84 Å, respectively. Processing and refinement statistics are
given in Table 1. The overall structure of FAAH bound to these
two reversible, covalent inhibitors is similar to the previously
published structures of FAAH,20 with a root mean squared
deviation (rmsd) below 0.4 Å when compared pairwise over
1080 CR atoms in the dimer. The higher resolution of the
structures described here allowed us to assign additional solvent
molecules and to clarify the conformation of several residues
throughout the enzyme. Unbiased electron density maps show
the orientation of the inhibitors in the active site, which is
covalently bonded to the catalytic Ser241 through a reaction
with the carbonyl group of the inhibitor (Figure 2). Additionally,

significant changes have been observed in several amino acids
forming the substrate recognition cavities of the enzyme.
Superposition of the two structures reveals an identical binding
mode of 1 and 2. The following description of the bound
inhibitors is divided conveniently into regions corresponding
to the detailed interactions of the inhibitor with the channel/
pocket network and the catalytic machinery comprising the
catalytic core of FAAH, that is, the oxyanion hole and the
catalytic triad.
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Table 1. Crystallographic Statistics: Data Collection and
Re�nement Statistics

1 (OL-135) 2

Data collection
Space group P3221 P21
Cell dimensions

a, b, c (Å) 103.44, 103.44, 254.13 75.83, 106.21, 79.39
R, � , � (deg) 90, 90, 120 90, 100.20, 90

Resolution (Å) 30-2.55 (2.62-2.55) 30-1.84 (1.90-1.84)
Rmerge (%) 16.1 (68.1) 10.3 (62.4)
I/� I 9.24 (2.30) 8.73 (2.11)
Completeness (%) 99.6 (99.9) 99.1 (99.5)
Redundancy 4.3 (4.3) 3.7 (3.7)

Refinement
Resolution (Å) 2.55 (2.60-2.55) 1.84 (1.86-1.84)
No. reflections 52071 106195
Rwork/Rfree (%) 18.4 (21.4)/23.5 (26.8) 18.6 (23.8)/21.4 (26.3)
No. atoms 8668 9083

Protein 8431 8407
Ligand/ion 51 51
Water 186 625

B-factors 25.9 30.0
Protein 25.9 29.5
Ligand/ion 27.3 24.6
Water 24.8 36.1

rms deviations
Bond lengths (Å) 0.014 0.014
Bond angles (deg) 1.450 1.469

Figure 2. FAAH active site with bound OL-135 (in green). The protein
backbone is shown in dark green ribbon representation. The density at 1.2�
contour is shown in white mesh.
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