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Abstract: The cocrystal X-ray structures of two isomeric a-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 first 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 first 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 defined 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 flexibility is seen upon binding of
the inhibitors, providing insights into the existence of a now well-defined 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 confirming the distinguishing role

of the activating oxazole.

Introduction

Endogenous cannabinoids (endocannabinoids) are a class of
signaling lipids that include N-arachidonoyl ethanolamine
(anandamide)’ and 2-arachidonoyl glycerol (2-AG),” 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.” Anandamide and related bioactive fatty acid
amides (e.g., oleamide)* (Figure 1A) are inactivated by the
membrane-bound serine hydrolase fatty acid amide hydrolase’
(FAAH).
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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.® 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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Figure 1. (A) Endogenous substrates and their inactive enzymatic products.
(B) Two a-ketooxazole inhibitors of FAAH, 1 (OL-135) and 2. (C) Two
urea inhibitors of FAAH, PF-750 and PF-3845.

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.
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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.® Although FAAH binds to a large variety
of fatty acid chains with various levels of unsaturation and
lengths, namely between 7 and 20 carbons,” it preferentially
hydrolyzes arachidonoyl or oleoyl substrates (arachidonoyl >
oleoyl, 3-fold).® 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,'® we described the
development of a series of potent and selective inhibitors
enlisting a-ketoheterocycles.'' 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.® In our efforts, initiated at a
time when there were still only a handful of such a-ketohet-
erocycle inhibitors disclosed, OL-135"'* 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.'> 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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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.'” 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 administration'™'® or the increased
feeding, decreased mobility, and reduced motor control char-
acteristic of cannabinoid (CB1) agonist administration.'>*!”

Here, we present the crystallographic structures of FAAH
bound to two a-ketooxazole inhibitors, OL-135 (1)'* and its
isomer 2'® (Figure 1B). The structures offer insights into
inhibitor binding and inactivation of a humanized version of
the rat FAAH enzyme,”™ 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.'>'? 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 o-ketooxazole inhibitors
OL-135 (1) and 2 have been solved at a resolution of 2.55 and
1.84 A, 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,*® with a root mean squared
deviation (rmsd) below 0.4 A when compared pairwise over
1080 Co. 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,
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Table 1. Crystallographic Statistics: Data Collection and

Refinement Statistics

1 (OL-135)

Data collection
Space group
Cell dimen§ions

P3,21

P2,

a, b, ¢ (A) 103.44, 103.44, 254.13  75.83, 106.21, 79.39

o, 3, v (deg) 90, 90, 120 90, 100.20, 90
Resolution (A) 30—2.55 (2.62—2.55) 30—1.84 (1.90—1.84)
Rinerge (%) 16.1 (68.1) 10.3 (62.4)
l/ol 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 (A) 2.55 (2.60—2.55) 1.84 (1.86—1.84)
No. reflections 52071 106195
Ryork/Riee (%) 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 259 30.0

Protein 25.9 29.5

Ligand/ion 27.3 24.6

Water 24.8 36.1
rms deviations

Bond lengths A) 0014 0.014

Bond angles (deg) 1.450 1.469

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.

Figure 2. FAAH active site with bound OL-135 (in green). The protein
backbone is shown in dark green ribbon representation. The density at 1.20
contour is shown in white mesh.

J. AM. CHEM. SOC. = VOL. 131, NO. 30, 2009 10499



Mileni et al.

ARTICLES
o
D195 $193 E F192

Figure 3. Protein flexibility at the active site. The FAAH—PF-3845
structure (PDB code 2wap) is shown in orange, whereas the OL-135—FAAH
structure is shown in green.

OL-135 (1) and 2 Induce a Reorganization of the Membrane
Access Channel (MAC) and Acyl Chain-Binding Pocket (ABP).
The phenhexyl portion of the OL-135 adduct extends toward
the ABP and MAC, the cavity connecting FAAH’s catalytic
core to the surface of a membrane-associated region of the
protein. Hydrophobic and aromatic residues pack tightly against
the inhibitor backbone and phenyl group, forming a cavity
complementary in shape to the bound compound. A number of
favorable van der Waals interactions are observed with Tyr194,
Phe244, Thr377, Leu380, Leu404, Phe432, Thr488, and Val491.
The m-system of the phenyl group is engaged with two aromatic
CH—u type interactions with the ring hydrogens of the aromatic
residues Phe381 and Phe192. When compared with its orienta-
tion in the recently reported FAAH—PF-750 and —PF-3845
structures,?’*? the side chain of Phe192 is tilted about 30° and
shifted toward the phenyl group of OL-135 (Figures 2 and 3)
in order to provide an improved geometry for the T-shaped
interaction to form. Similarly, residue Phe381 slightly changes
its conformation to adapt to the phenyl group of the inhibi-
tor in order to provide a proper geometry for the CH—x
interaction. It is likely that analogous aromatic CH— interac-
tions with double bonds stabilize substrate binding of the
unsaturated fatty acid substrates, including anandamide and
oleamide. A striking example of FAAH’s remarkable flexibility
is a marked movement of the protein backbone in the vicinity
of the catalytic core from amino acid Phel92 to Asp195. This
is especially evident when we compare the binding of OL-135
to PF-3845 (Figure 3).°* The reason for this rearrangement may
be the presence and positioning of the piperidine group in the
PF-750 and PF-3845 structures, which force Ser193 and adjacent
amino acids away from the inhibitor, due to van der Waals
repulsion forces. It is likely that the bound complex of FAAH
with OL-135 more closely resembles the enzyme’s conformation
in this region as it acts on endogenous substrates.

The residues Phe432, Met436, and Met495 are also charac-
terized by high flexibility, and it appears that they can assume
one of two alternative conformations depending on the inhibi-
tor’s hydrophobic tail. In the conformation induced by OL-135,
Phe432 undergoes a complete reorientation, while the two
methionines reorient with their sulfur lone pair electrons toward
the phenyl hydrogens of the inhibitor, engaging in two aromatic
CH—u interactions.”’ The net result is that the ABP is now
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completely reorganized, and the MAC remains open and fully
expanded. In previously determined structures,”” the channel
connecting the enzyme’s active site to the membrane-anchoring
region of FAAH bifurcates into two hydrophobic cavities, the
MAC and the distal portion of the ABP. In the structures
presented here, the compound’s hydrophobic tail (phenhexyl
chain) does not protrude deep into the protein region previously
defined as the ABP, rather it binds up to and terminates at the
proximal portion of the cavity leading to the membrane. Analysis
of the surface profile of the bound OL-135 structure indicates
that the rearrangement of residues Phe432, previously proposed
to be a dynamic paddle modulating the architecture of the FAAH
active site cavities,>’" as well as Met436 and Met495 contribute
concertedly to a shortening of the ABP and its overall merging
with the MAC, which results in a broadening of the distal
portion of the latter channel (Figure 4). The FAAH—OL-135
structure is therefore locked in an ‘open-channel conformation’,
similar to that observed in the FAAH—PF-750° structure, and
distinct from the FAAH—MAP** and FAAH—PF-3845°
structures. The data obtained to date suggest that Phe432,
Met436, and Met495 are key residues for substrate sorting
among FAAH’s active site channels. As discussed below, these
residues also appear to provide a key anchoring interaction for
binding inhibitors related to OL-135 and may represent key
interactions contributing to preferential binding of arachidonoyl
and oleoyl chain substrates.

Inhibitor Interactions at the Cytosolic Port Revealed. The
cytosolic port has the important function of interacting with and
stabilizing the leaving group of substrates and inhibitors, as well
as potentially providing a channel for water to enter the active
site to promote turnover of the acyl—enzyme intermediate. The
FAAH crystal structures disclosed thus far have yet to provide
insights into this important region of the enzyme.”° In contrast
to these previous structures solved with acylating (urea inhibi-
tors, PDB codes 2vya and 2wap) or phosphonylating inhibitors
(MAFP inhibitor, PDB code 1mt5), the OL-135 structure
provides the first view of an inhibitor that extends into the
cytosolic port, and the opportunity to examine the structure in
light of extensive efforts that have probed inhibitor—protein
interactions in this polar region of FAAH.

The FAAH—OL-135 structure reveals multiple intermolecular
and intramolecular interactions. The oxazole and pyridyl rings
are quasi-coplanar, with a dihedral angle across the rings of
approximately 15°, and oriented in a manner such that the
pyridyl nitrogen is directed toward the oxazole aryl CH rather
than the oxazole oxygen (anti vs syn). This preferred anti
orientation avoids a destabilizing electrostatic interaction be-
tween the electron lone pairs on the pyridyl nitrogen and the
oxazole oxygen that accompanies adoption of the alternative
syn coplanar orientation, while maintaining the stabilizing
conjugation between the sr-systems of the two aromatic rings.
Earlier, high level computational studies suggested there is an
energetic tortional energy penalty associated with binding that
disrupts their near coplanar pyridine-oxazole arrangement and
that the anti conformation is significantly more stable.”* The
pyridine nitrogen is within hydrogen-bonding distance to a
bound water molecule, which is hydrogen-bonded to Thr236.
In turn, Thr236 is hydrogen-bonded to Lys142, which is integral

(21) (a) Reid, K. S. C.; Lindley, P. F.; Thornton, J. M. FEBS Lett. 1985,
190, 209-213. (b) Zauhar, R. J.; Colbert, C. L.; Morgan, R. S.; Welsh,
W. J. Biopolymers 2000, 53, 233-248.

(22) Guimardes, C. R.; Boger, D. L.; Jorgensen, W. L. J. Am. Chem. Soc.
2005, 127, 17377-17384.
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Figure 4. Reorganization of the acyl chain-binding pocket. Open (left) and closed (right) membrane access channel. Surface representation of the FAAH—OL-
135 and FAAH—PF-3845 structures are shown. The distal portion of the acyl chain-binding pocket is absent with bound OL-135 (left), but present in the
PF-3845 structure (right). PF-3845 and FAAH residues are shown in orange (right); OL-135 and FAAH residues are shown in green and dark green,

respectively.

to the Ser241-Ser217-Lys142 catalytic triad. This indirect
hydrogen bond to Thr236 may highlight an unappreciated
importance of this residue in precatalytic binding, since it may
serve as an indirect conduit to the key catalytic Lys142 residue
and lock the bound pyridine substituent into one possible
orientation. Despite the entropic energy penalty resulting from
this restraint, the systematic structure—activity relationships
defined for this class of FAAH inhibitors and discussed below
indicate that there is an offsetting enthalpy gain that provides
an overall enhanced stabilization of the complex. Further
stabilization is provided by the amino acid Cys269, which
undergoes a marked translation of the o-carbon and a side chain
rotation of about 140° when compared to the other available
structures. This pronounced conformational change results in a
reorientation of the thiol group toward the inhibitor, thereby
engaging in a sulfur—aromatic interaction with the pyridine
ring,”® suggesting that this residue may also be involved in
substrate recognition and binding.

The Catalytic Core with an Enzyme-Bound Tetrahedral
Intermediate. The electron density found at the catalytic core
unambiguously supports the expectation that OL-135 is a
covalent, albeit reversible, inhibitor of FAAH.'* The electron
density indicates that the inhibitor is covalently linked to Ser241
through a tetrahedral carbon (Figure 2), with its oxygen anion
strongly coordinated to the oxyanion hole.** Among the FAAH
structures disclosed to date, the OL-135 complex most closely
resembles the authentic catalytic tetrahedral intermediate state.
In fact and aside from the somewhat related FAAH—MAP
structure,”* where the catalytic Ser241 is covalently modified

(23) Duan, G.; Smith, V. H. J.; Weaver, D. F. Mol. Phys. 2001, 99, 1689—
1699.

(24) (a) Edwards, P. D.; Zottola, M. A.; Davis, M.; Williams, J.; Tuthill,
P. A. J. Med. Chem. 1995, 38, 3972-3982. (b) Edwards, P. D.; Andisik,
D. W.; Bryant, C. A.; Ewing, B.; Gomes, B.; Lewis, J. J.; Rakiewicz,
D.; Steelman, G.; Strimpler, A.; Trainor, D. A.; Tuthill, P. A.; Mauger,
R. C.; Veale, C. A.; Wildonger, R. A.; Williams, J. C.; Wolanin, D. J.;
Zottola, M. J. Med. Chem. 1997, 40, 1876-1885.

with an uncharged tetrahedral phosphonate, the structure
presented in this work is the first containing an oxyanion group
that is identical to that of a substrate’s tetrahedral intermediate.
Even though only minor changes are noted in the oxyanion hole
of the structure presented here, we propose an expanded
definition of the residues comprising this motif beyond that
described in previous work.®?° More precisely and in contrast
to any other serine hydrolase studied thus far, we propose that
the oxyanion hole in FAAH is composed of four main chain
amide N—H groups, including those of 11e238, Gly239, Gly240,
Ser241, as well as secondary interactions provided by the side
chains Asp237, Arg243, and Asn498 (Figure 5). This latter set
of residues forms an additional layer of hydrogen-bonds and is
tightly connected to the four main chain amide groups.
Examination of the available structures reveals that these seven
amino acids making up the oxyanion hole have lower B-values,
suggesting a strong interaction among them. They exert a potent
stabilization effect either directly through a tight hydrogen bond
network or through formation of an electrostatic positive hole.
Consistent with this view, the oxyanion of bound OL-135 is
well-coordinated to the four oxyanion hole amide groups through
tight hydrogen-bonds and/or electrostatic interactions. The
distances are 2.8, 2.6, 3.0, and 2.8 A, respectively, and are
reflective of oxyanion (—O7) versus protonated hemiketal
(—OH) binding. These can be compared with corresponding
distances of 3.0, 2.9, 3.6, and 3.1 A in the FAAH—PF-750
structure taken to represent the acyl—enzyme complex, and 2.5,
2.7,3.4,and 3.2 A in the IFAAH—MAP structure. In addition
to the closer interatomic distances, further changes are evident
from the structure. First, in contrast to the carbonyl oxygen of
other inhibitors, the oxyanion in the bound OL-135 is located
at the center of the oxyanion hole defined by the backbone amide
groups of the amino acids [1e238—Ser241. Second, the carbon-
oxyanion axis is accurately aligned perpendicular to the plane
of these four amino acids. As a consequence and compared to
structures of an acyl—enzyme complex, the y-oxygen of Ser241
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Figure 5. Stereoview of the OL-135 (green sticks) oxyanion interacting with the oxyanion hole and superposition with the FAAH—PF-750 structure

(pink sticks).?%"

and the bound carbon of the inhibitor are displaced and pulled
toward the oxyanion hole (Figure 5). The oxyanion hole itself
appears to be undergoing subtle changes in the orientation of
the backbone amide groups to improve the geometry for
hydrogen-bonding to the oxyanion of OL-135. However, the
rmsd between any pair of structures available when calculated
over all atoms in the oxyanion hole residues is smaller than 0.5
A. The more favorable distances observed in the OL-135
complex are therefore the consequence of a difference in
oxyanion position and inhibitor penetration into the oxyanion
hole rather than protein movement. Overall, it would appear
that the interactions of the oxygen atom in OL-135 are especially
favorable, consistent with oxyanion stabilization of a tetrahedral
intermediate relative to an acyl intermediate.

The last important interaction observed at the catalytic core
of the enzyme is mediated by Ser217, a member of the catalytic
triad. Rather than lying in the plane of the oxazole and aligned
to hydrogen bond to the oxazole nitrogen, this residue is located
above and pointing toward the oxazole zz-system at a distance
of about 3.4 A to the aromatic centroid and at a distance of
3.1-3.3 A from the oxazole nitrogen (Figure 2). Similarly,
Lys142 is located over 3.5 A from the oxazole nitrogen and is
not spatially aligned for hydrogen bonding. Both residues are
also not aligned for conventional hydrogen bonding to the
oxazole oxygen (distance of 3.9 and 5.4 A, respectively). This
lack of a stabilizing hydrogen bond interaction with the basic
nitrogen of the oxazole is in sharp contrast to the role of the
heterocycles that was first defined in the pioneering efforts of
Edwards ef al.'® with the serine protease porcine pancreatic
elastase bound to an a-ketobenzoxazole competitive inhibitor.
Like the many related serine protease cases that have since been
explored,13 Edwards et al. observed that His57, homologous to
Ser217, is hydrogen-bonded to the benzoxazole nitrogen,
preferentially providing stability to the bound tetrahedral
complex. In our case, the Ser217 as well as the Lys142
orientation relative to the oxazole plane seems to preclude the
formation of a strong hydrogen bond to the nitrogen and/or
oxygen of the oxazole ring. Instead, given its geometry, a
Ser217-mediated OH—sx hydrogen bond would seem more
plausible.”® The effect of this interaction is central to the
rationale behind enzyme inactivation and stabilization of the
tetrahedral complex with this class of inhibitors. As discussed
in detail below, the consequences are that the role of the
heterocycle is quite different for FAAH inhibition and this may

(25) Steiner, T.; Koellner, G. J. Mol. Biol. 2001, 305, 535-557.
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account for the remarkable and unanticipated substituent effects
observed in our work®® relative to those defined by Edwards
and others.'*'** In this regard, it is important to note that prior
modeling studies enlisting the use of Monte Carlo simulations
in conjunction with free energy perturbation calculations (MC/
FEP) projected a Ser217 to oxazole oxygen (not nitrogen)
hydrogen bond along with a Lys142 and Thr236 hydrogen-
bonding network with the attached pyridine, albeit with a
different bound geometry and without the benefit of the inclusion
of the bound water molecules.??

Comparative Binding of the Isomeric Inhibitor 2 Relative
to OL-135. One key feature to arise from the analysis of the
X-ray structure of OL-135 bound to FAAH is the role of the
central activating heterocycle. Unlike its behavior in other
a-ketoheterocycles that inhibit serine proteases, the oxazole of
OL-135 was not found to engage in classical stabilizing
hydrogen-bonding interactions that might influence its active
site orientation. Rather, its role more simply appears to be to
activate the electrophilic carbonyl for addition by Ser241, while
providing polar surface area that is buried (solvated) in the
bound complex, and serving as the template from which attached
substituents may be directed to engage in stabilizing interactions
within the active site. With OL-135, this raised the question of
whether the bound orientation of the oxazole or the placement
of its pyridine substituent was most important. In preceding
studies and at odds with a conventional role of the activating
heterocycle, we disclosed a series of results that we suggested
could be explained best by invoking a flipped orientation of
the central heterocycle in order to maintain an attached
substituent interaction at the FAAH active site.'""'*'® The most
relevant of these examples is the o-ketooxazole 2,'® an isomer
of OL-135 in which the pyridine substituent is placed at the
oxazole C4 versus C5 position. The structure of 2 bound to
FAAH was also solved (Figure 6) and the results of its
examination are detailed below. Given the overall similarity
between the two compounds (OL-135 and 2), the cocrystal
structure of FAAH with 2 also enables a generalized validation
of the conclusions drawn from the OL-135 structure. Further-
more, the higher resolution (1.84 A) and better crystallographic

(26) (a) Romero, F. A.; Du, W.; Hwang, I.; Rayl, T. J.; Kimball, F. S.;
Leung, D.; Hoover, H. S.; Apodaca, R. L.; Breitenbucher, J. G.;
Cravatt, B. F.; Boger, D. L. J. Med. Chem. 2007, 50, 1058-1068. (b)
Kimball, F. S.; Romero, F. A.; Ezzili, C.; Garfunkle, J.; Rayl, T. J.;
Hochstatter, D. G.; Hwang, 1.; Boger, D. L. J. Med. Chem. 2008, 51,
937-47. (c¢) Romero, F. A.; Hwang, 1.; Boger, D. L. J. Am. Chem.
Soc. 2006, 128, 14004-14005.
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Figure 6. FAAH active site with bound inhibitor 2 (in blue). The protein
backbone is shown in yellow ribbon representation. The density at 1.80
contour is shown in white mesh.

statistics for this structure (Table 1) allows a more reliable
analysis of protein conformation, inhibitor binding, and espe-
cially the determination of crystallographic water molecules.
Like the complex with OL-135, Ser241 was found to be
covalently bound to the carbonyl of 2, producing a tetrahedral
intermediate stabilized by alkoxide binding in the oxyanion hole.
The most significant feature in the bound structure of 2 is the
observation that the pyridine substituent is located precisely at
the same site and engaged in the same active site interactions
as OL-135, whereas the central activating heterocycle is now
flipped by 180° reversing the location of the oxazole nitrogen
and oxygen atoms in order to maintain the near coplanar
pyridine-oxazole arrangement in an anti conformation.”> The
fact that the central activating oxazole can flip by 180° without
significantly affecting affinity indicates that classical heteroatom
hydrogen bonding of the activating heterocycle to core catalytic
residues is not significantly contributing to the binding of OL-
135 or 2. The water molecule in the cytosolic port mediating
the indirect Thr236 hydrogen bond to the pyridine substituent
is even better resolved in this complex. Interestingly and
consistent with the FAAH—OL-135 structure, this water mol-
ecule is located at a position that would be occupied by the
pyridine substituent if the oxazole were bound in the orientation
observed with OL-135.* This reinforces the implications that
the interaction of the pyridine substituent with the active site
bound water in the cytosolic port may serve a much more
fundamental role in stabilizing the binding of OL-135 and 2 to
FAAH than one might anticipate at first glance or upon
examination of the single structure of bound OL-135. The
anchoring interaction of the pyridine substituent complements
the similar key anchoring interaction of the phenyl group at
the opposite end of the inhibitor bound structure in the MAC.
In fact, the disposition of the phenhexyl chain in the hydrophobic
substrate binding pocket is analogous to that observed with OL-
135. Importantly and due to the strong interactions with the
surrounding residues already described in detail earlier, the
terminal phenyl groups from the two structures have been found

Figure 7. Binding mode and superposition of the cocrystal structures with
compound 1 and 2. The inhibitors 1 and 2 are shown in green and blue,
respectively. The backbone of the protein structures are shown in yellow
(1) and dark green (2).

to exactly overlay with each other (Figure 7). Overall, all of
the residue arrangements described in the OL-135 structure find
confirmation in this second higher resolution structure, providing
essentially identical inhibitor—protein interactions and the
presence of an “open-channel conformation” accompanied by
fusion of the ABP and MAC.

Discussion

Active Site Flexibility and Binding. The structures of FAAH
bound with different inhibitors offer the opportunity to analyze
FAAH’s active site flexibility, strongly impacting mechanistic
and drug design efforts. In contrast to previous studies proposing
a structural rigidity of trypsin-like serine proteases,” it is evident
that FAAH is able to adapt to the different chemical nature of
inhibitors by exhibiting a rather pronounced flexibility, thus,
supporting induced fit binding (Figures 3 and 4).

The most significant of the observed flexibility can be found
in the MAC and ABP regions. The strategic placement of the
phenyl group in proximity to the ABP that is observed in the
X-ray structure is consistent with its importance in conveying
enhanced potency to the o-ketooxazole inhibitors,'"!+2628
presumably derived from its role in mimicking the sr-unsatura-
tion of anandamide (A%° double bond), oleamide (A%'° double
bond) and related fatty acid amide substrates. Surrounding the
phenyl-binding region, there is sufficient room and protein
flexibility to accommodate the range and character of appended
phenyl substituents (m > p > o) that have been shown to maintain
or e\;%n enhance the affinity of inhibitors closely related to OL-
135.

The phenyl-binding region appears to constitute a special site
at the intersection of the MAC and ABP. Not only do inhibitors
that contain a shorter linking methylene chain expectantly exhibit

(27) Guvench, O.; Price, D. J.; Brooks, C. L. Proteins 2005, 58, 407-417.

(28) Hardouin, C.; Kelso, M. J.; Romero, F. A.; Rayl, T. J.; Leung, D.;
Hwang, 1.; Cravatt, B. F.; Boger, D. L. J. Med. Chem. 2007, 50, 3359—
3368.
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a progressive and substantially reduced affinity for FAAH, but
even the o-ketooxazole-based inhibitors that extend beyond this
site experience a progressive and diminished binding affinity.'*
This is observed even with inhibitors that do not contain the
sT-unsaturation, suggesting that any major protein reorganization
to accommodate the longer inhibitors offsets potential gains in
inhibitor binding derived from their increased size (length),
whereas the shorter inhibitors simply fail to fully benefit from
the forces that stabilize substrate binding. In these studies, the
optimal length linking the phenyl ring to the reactive carbonyl
was established to be 5 to 6 methylenes, and this is well-reflected
in the precise phenyl placement in the crystal structure of bound
OL-135 and 2. Unlike the precise placement of the phenyl group,
the structure resolution is insufficient to define the precise
conformation of the linking chain and may in fact reflect an
averaged conformation. In the case of OL-135 and 2 (6 meth-
ylene linkers), the linking chain adopts a bound conformation
that embodies at least one gauche turn versus an intrinsically
more stable extended conformation. One of these found at
C4—C7 most likely is constituting a site that presumably
accommodates the anandamide A>° double bond, while the
second is found at C2—C5. The latter is presumably offset by
a more favorable accommodation of the anchoring phenyl group
in its key binding site. Consistent with the hydrophobic character
of the protein in this linking region, introduction of polar atoms
into the linker progressively diminishes the inhibitor potency
(CH, > S > O > NMe, CH(OH) > SO > SO,, CONH).?%-*#

An additional significant finding that is highlighted in the
FAAH—OL-135 structure are interactions between the ligand’s
pyridine substituent and residues lining the cytosolic port,
including Cys269 and especially the water-mediated hydrogen
bond to Thr236. Consistent with this latter observation, replacing
the pyridyl nitrogen in OL-135 by a carbon (phenyl vs 2-pyridyl)
reduces the inhibitor potency approximately 20-fold, and even
changing the position of the nitrogen within the pyridine ring
results in a 3- to 4-fold loss in potency.'* In a systematic probe
of this effect, the potency of the a-ketooxazole-based inhibitors
was found to smoothly correlate with the hydrogen bond
acceptor properties of the attached C5 heterocycle (e.g., 2-py-
ridyl = 2-oxazole > 2-thiazole > 2-furan > 2-thiophene >
phenyl).'* Although the origin of the effects of the inhibitors
in this region is yet to be fully defined with this related set of
X-ray structures, it is of special note that OL-135 (1) and 2
clearly benefit from an apparent indirect, and potentially mobile
hydrogen-bonding interaction to a residue (Thr236) intimately
engaged in the catalytic action of the enzyme. It is not yet clear
whether this effect is further enhanced by the catalytic Lys142
hydrogen bond to Thr236. Moreover, it is also not clear whether
this water-mediated hydrogen bond to the pyridyl nitrogen is
simply serving as a stabilizing active site hydrogen bond or
whether it is influencing the inhibitor potency by enhancing the
electron-withdrawing character of the pyridyl substituent.?® In
this regard and consistent with the importance of the hydrogen
bond, it is of note that a systematic exploration of C4
substituents on the pyridine group of OL-135 revealed that
inhibitor potency increased, albeit modestly, with the electron-
donating properties of the C4 substituent.”*® Thus, despite
decreasing the intrinsic electron-withdrawing properties of the
pyridyl substitutent, the inhibitor potency increased with its
expected hydrogen bonding trends. What is clear is that this
interaction is flexible, potentially accommodating a hydrogen
bond acceptor at varied locations,''® that the interaction is
sufficiently strong to account for enhanced inhibitor potencies
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Scheme 1. a-Ketooxazole Inhibition of FAAH
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over well-founded predictions (—log K; vs 0,),'"®® and that it
serves as a key anchoring interaction that predominates even
over the central heterocycle orientation. Unlike the irreversible
carbamate and urea based inhibitors that do not maintain binding
interactions with the cytosolic port, not only is it possible to
enhance the affinity and selectivity?® of the reversible o-ke-
tooxazole inhibitors through key interactions in this unique polar
region of the enzyme active site, but modulation of their physical
(e.g., solubility) and PK properties may be best addressed by
modification in this region of the inhibitors.*®

Role of the Central Activating Heterocycle. Expectations were
that, upon Ser241 addition to the reactive carbonyl with
conversion of the electron-withdrawing ketone to a tetrahedral
intermediate, the oxazole nitrogen would become more basic
and capable of engaging in stronger hydrogen bonding interac-
tions.'? This preferential stabilization of the tetrahedral adduct
was anticipated to be derived from hydrogen bonding with the
active site Ser217, extended in turn by Lys142 hydrogen
bonding and mimicking the protonation of the substrate leaving
group. Inconsistent with these expectations, inhibitor potency
actually increases,’* not decreases, with the addition of electron-
withdrawing substituents on the oxazole that would be expected
to preclude or diminish such a stabilizing hydrogen bonding
interaction. True to these observations and in contrast to prior
precedent, the heterocycle’s role is not one of preferential
hydrogen bonding between its basic nitrogen and core catalytic
residues to stabilize the tetrahedral adduct. Rather and since
the structure of bound OL-135 and 2 lack any direct, stabilizing
hydrogen bonding between FAAH and the inhibitors’ oxazole,
its role appears to be more intimately related to the intrinsic
electron-withdrawing character of the central heterocycle en-
hanced by its attached substituents serving to activate the
reactive carbonyl for nucleophilic attack. This newly appreciated
role of the central activating heterocycle®® of the a-ketooxazole
inhibitors of FAAH reconciles the electronic role the attached
substituents play and validates the observation that their effects
are extraordinarily large (o = 3—3.4 in a Hammett analysis).'3>%"<

Inactivation Mechanism. Upon binding to FAAH, the car-
bonyl group of OL-135 (1) undergoes nucleophilic attack by
the catalytic Ser241. In contrast to the physiological substrates,
where both protonation via the Lys142—Ser217 proton transfer
network and the release of electrons to the substrate’s leaving
group upon collapse of the oxyanion are coupled to the same
atom, the enzyme-bound tetrahedral intermediate of OL-135
cannot protonate and release a leaving group. Rather, Ser217
is engaged in a hydrogen bond with the oxazole s-ring and
cannot donate the proton to the oxazole C2 carbon (Scheme 1).

In other words, the protonation is uncoupled to the generation
of the leaving group and the reaction cannot proceed further.

(29) Leung, D.; Hardouin, C.; Boger, D. L.; Cravatt, B. F. Nat. Biotechnol.
2003, 21, 687-691.

(30) Garfunkle, J.; Ezzili, C.; Rayl, T. J.; Hochstatter, D. G.; Hwang, L.;
Boger, D. L. J. Med. Chem. 2008, 51, 4392-4403.
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Therefore, Ser241 remains covalently, but reversibly, modified,
and the resulting complex can be viewed as a trap of the
tetrahedral intermediate state of FAAH. The proposed Ser217—m
hydrogen bond likely stabilizes binding of this class of highly
potent inhibitors in the FAAH active site, could not be predicted
in our previous work,?? and has not been observed in prior
structural studies of a-ketoheterocycle complexes with serine
proteases.'? Since this tetrahedral adduct mimics a key interac-
tion for substrate binding and catalysis by FAAH, it may
represent a dominate hydrogen bond stabilizing the binding of
this class of inhibitors. Upon Ser241 addition to the reactive
carbonyl with conversion of the electron-withdrawing ketone
to a tetrahedral intermediate, the oxazole nitrogen and aromatic
ring become more basic and therefore better at engaging in a
stronger hydrogen bonding interaction. Because of the dif-
ferential strength of the Ser217 hydrogen bond to the oxazole
m-system, extended by Lys142 hydrogen bonding to Ser217 and
mimicking the protonation of the substrate leaving group, it
conceivably could preferentially stabilize the tetrahedral inter-
mediate versus the carbonyl bound state of the inhibitor and
substantially contribute to their unique potency for FAAH.

A prominent role in complex stabilization is exerted by the
oxyanion hole. The stabilization effect of the oxyanion hole not
only contributes to catalytic efficiency and inhibition potency,
but may affect the substrate and inhibitor specificity of the
enzyme. We analyzed and compared other serine hydrolase
structures, in particular the other two AS enzyme structures
malonamidase E2 (MAE2, PDB codes 1gr9 and 1grk)*' and
peptide amidase (PAM, PDB code 1m21),?? and found that the
FAAH-oxyanion hole system is distinct among this large class
of enzymes. Indeed, whereas no Arg243 is found in the
homologous region of PAM, the MAE2 structure shows how
this arginine has shifted an amino acid position and plays
structural- and charge-stabilization roles of the substrate’s
carboxylic acid group from a different location of the active
site.** Additionally, Asp237 is conserved in the PAM but not
in the MAE2 structures, and a corresponding residue for Asn498
is not present in either structures. The much more elaborated
oxyanion hole system in FAAH potentially allows enhanced
stabilization of the negative charge in the enzyme-bound
tetrahedral intermediate state, thereby contributing to the
exceptional potency of the o-ketoheterocycles, the unique
selectivity of urea inhibitors, and the higher reactivity toward
fluorophosphonates.””

Conclusion

The membrane-bound serine hydrolase FAAH is an emerging
drug target with important potential medicinal applications,
ranging from the treatment of pain to anxiety. In the past years,
extensive drug discovery efforts have led to the identification
of several classes of inhibitors that block enzymatic activity
and resulted in a marked augmentation of endocannabinoid
levels in various tissues including those found in the central
and peripheral nervous systems. The covalent, reversible inhibi-
tor OL-135 (1) is the most prominent member in a class of
potent and selective inhibitors based on an o-ketoheterocycle
scaffold that has shown to be pharmacologically efficacious in

(31) Shin, S.; Lee, T. H.; Ha, N. C.; Koo, H. M.; Kim, S. Y.; Lee, H. S.;
Kim, Y. S.; Oh, B. H. EMBO J. 2002, 21, 2509-2516.

(32) Labahn, J.; Neumann, S.; Buldt, G.; Kula, M. R.; Granzin, J. J. Mol.
Biol. 2002, 322, 1053-1064.

(33) Yun, Y. S.; Lee, W.; Shin, S.; Oh, B. H.; Choi, K. Y. J. Biol. Chem.
2006, 281, 40057-400064.

vivo for the treatment of pain. In this work, we have presented
cocrystal structures of FAAH with OL-135 (1) and 2, an isomer
in which the 2-pyridine substituent is attached at C4 instead of
CS5 to the central oxazole. Detailed analysis that explains binding
features and inactivation mechanisms including novel insights
into key stabilizing interactions of the protein—inhibitor complex
has been provided. Together with confirming the covalent
addition of Ser241 to the inhibitor electrophilic carbonyl
providing a bound deprotonated hemiketal mimicking the
enzymatic tetrahedral intermediate, the structures capture the
exquisite oxyanion hole and atypical catalytic residues in a key
intermediate state and clearly define the role of the inhibitors’
activating central heterocycles. Of additional interest are the
interactions revealed in the region of the cytosolic port,
information that has been hindered in previously published
structures due to the intrinsic properties of other classes of
inhibitors. Furthermore, extensive active site reorganization has
been noted in the presented structures, a feature that is likely at
the basis of substrate recognition and relocation within the active
site during catalysis. The knowledge gathered will aid future
drug design efforts and in the understanding of substrate
degradation.

Materials and Methods

FAAH Expression and Purification. The N-terminal trans-
membrane-deleted (ATM) truncated form (amino acids 30—579)
of the humanized/rat (h/r) FAAH gene cloned into a pET28a vector
was used for heterologous expression in the Escherichia coli strain
BL21 A.L (Invitrogen). The h/rFAAH construct is characterized
by mutations resulting in the replacement of six amino acids to the
rFAAH protein sequence (L192F, F194Y, A377T, S435N, 1491
V, V495M) in order to recreate the binding profile of the human
enzyme.”°® The protein was purified as previously described.?**"
In brief, three chromatography steps including metal affinity, cation
exchange, and size exclusion chromatography were utilized to reach
a purity greater than 95% as visualized from Coomassie blue
staining gel electrophoresis (not shown). In contrast to previous
purification procedures, the detergent used in the last two steps of
purification was 0.08% n-undecyl-f-D-maltoside (Anatrace). Protein
concentrations were determined using a reducing-agent compatible
BCA protein assay kit (Pierce Biotechnology).

Synthesis of Inhibitors, OL-135 (1) and 2. The inhibitors were
prepared according to published literature procedures.'*'®

Crystallization and Crystal Structure Determination. The
protein sample was concentrated to 25—30 mg/mL in a buffer
containing 10 mM Hepes (pH 7.0), 500 mM NaCl, 0.08%
n-undecyl-f-p-maltoside, and 2 mM dithiothreitol. The additives
xylitol (Sigma) and benzyldimethyl(2-dodecyloxyethyl)-ammonium
chloride (Aldrich) were supplemented to the protein sample up to
a concentration of 12% and 1%, respectively. After mixing 1:1 the
protein solution to the crystallization buffer (30% PEG400, 100
mM Hepes, pH 7.5, and 100 mM NaCl), 6% dimethyl formamide
(DMF) and 0.5 mM inhibitor (in DMF) were added to obtain the
final crystallization mother liquor. Crystals were grown by sitting-
drop vapor diffusion at 14 °C in 96-well plates (Innovaplate SD-2;
Innovadyne Technologies) and frozen by plunging into liquid
nitrogen directly after harvesting. The data for the cocrystal structure
of FAAH with OL-135 (1) were collected at a temperature of 100
K from a single crystal at Stanford Synchrotron Radiation Labora-
tory (SSRL, Menlo Park, CA) on beamline 11—1 (4: 0.97945 A).
The data for the FAAH—2 structure were collected at the GM/
CA-CAT beamline of the Advanced Photon Source (APS, Argonne,
IL) using a 10-um beam collimator (A: 1.03320 A). Data were
processed using XDS package.** Structures were solved and refined

(34) Kabsch, W. J. Appl. Crystallogr. 1993, 26, 795-800.
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by using programs contained in the CCP4 package.® The software
suite Phenix>® was used to refine individual atomic displacement
parameters. Results from data processing and structure refinement
are provided in Table 1. The two crystal lattices of FAAH—OL-
135 and FAAH—2 were found in the P3,21 and P2, respectively,
containing a FAAH dimer in the asymmetric unit. The structures
were determined at a resolution of 2.55 A (OL-135) and 1.84 A
(2) and solved by molecular replacement using the coordinates of
the FAAH—PF-750 structure (PDB code: 2vya) as a search model.
Chemical parameters for the inhibitors were calculated by the
Dundee PRODRG Web server.?’

(35) Collaborative Computational Project, Number 4. Acta Crystallogr.
1994, D50, 760-763.

(36) Adams, P. D.; Grosse-Kunstleve, R. W.; Hung, L. W.; Toerger, T. R.;
McCoy, A.J.; Moriarty, N. W.; Read, R. J.; Sacchettini, J. C.; Sauter,
N. K.; Terwilliger, T. C. Acta Crystallogr. 2002, D58, 1948-1954.
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