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Three cocrystal X-ray structures of the a-ketoheterocycle inhibitors 3—5 bound to a humanized variant
of fatty acid amide hydrolase (FAAH) are disclosed and comparatively discussed alongside those of
1 (OL-135) and its isomer 2. These five X-ray structures systematically probe each of the three active site
regions key to substrate or inhibitor binding: (1) the conformationally mobile acyl chain-binding pocket
and membrane access channel responsible for fatty acid amide substrate and inhibitor acyl chain
binding, (2) the atypical active site catalytic residues and surrounding oxyanion hole that covalently
binds the core of the a-ketoheterocycle inhibitors captured as deprotonated hemiketals mimicking the
tetrahedral intermediate of the enzyme-catalyzed reaction, and (3) the cytosolic port and its uniquely
important imbedded ordered water molecules and a newly identified anion binding site. The detailed
analysis of their key active site interactions and their implications on the interpretation of the available
structure—activity relationships are discussed providing important insights for future design.

Introduction

Fatty acid amide hydrolase (FAAH“)"? is the enzyme that
serves to hydrolyze endogenous lipid amides and ethanol-
amides® ® including anandamide’™ ' and oleamide''~"* degrad-
ing and regulating neuromodulating and signaling fatty acid
amides at their sites of action (Figure 1A).*!* To date, two key
classes of inhibitors have been pursued that provide opportunities
for the development of FAAH inhibitors with therapeutic po-
tential.">!'® One class is the aryl carbamates and ureas'’’ that
irreversibly acylate a FAAH active site serine.® A second class is
the o-ketoheterocycle-based inhibitors®~* that bind to FAAH
through reversible hemiketal formation with an active site serine.

FAAH belongs to the amidase signature (AS) class of
enzymes, serine hydrolases that possesses an unusual Ser—
Ser—Lys catalytic triad (Ser241—Ser217—Lys142 in FAAH).*!
The catalytic mechanism of FAAH involves the formation of a
tetrahedral intermediate, derived from the nucleophilic attack of
the catalytic Ser241 residue on the carbonyl group of the
substrate. The tetrahedral intermediate collapses to release the
amine and the enzyme-bound acyl intermediate. The reaction
terminates with a water-mediated deacylation of the enzyme-
bound acyl intermediate and release of the free fatty acid with
restoration of the active enzyme. FAAH hydrolyzes a wide
range of substrates with primary amides being hydrolyzed
2-fold faster than ethanolamides.” It acts on a wide range of
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fatty acid chains possessing various levels of unsaturation and
lengths, but it preferentially hydrolyzes arachidonoyl or oleoyl
substrates (arachidonoyl > oleoyl, 3-fold).>¢

In addition to possessing an atypical catalytic core and
central to the discussion herein, FAAH bears a series of
channels and cavities that are involved in substrate or inhi-
bitor binding. These include the membrane access channel
(MAC) that 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 interact with the substrate’s acyl
chain during the catalytic reaction.***

Following efforts enlisting substrate-inspired inhibitors
bearing electrophilic carbonyls,*** we described the systema-
tic exploration of a series of potent and selective a-keto-
heterocycle-based inhibitors.** " In these efforts, initiated
at a time when there were still only a handful of such
a-ketoheterocycle inhibitors disclosed,*® sufficiently potent,
selective, and efficacious FAAH inhibitors were developed to
validate FAAH as an important new therapeutic target for the
treatment of pain and inflammatory disorders.*°

In a recent disclosure, we reported the X-ray crystal structures
of two isomeric o-ketoheterocycle inhibitors, 1 (OL-135) and 2
(Figure 1B), bound to FAAH.*® These structures not only
established covalent attachment of Ser241 at the inhibitor’s
electrophilic carbonyl, providing stable mimics of the enzymatic
tetrahedral intermediate and capturing the atypical active site
catalytic residues (Ser241—Ser217—Lys142) in a unique “in
action” state, but they further revealed a unique SerOH—x
H-bond to the activating heterocycle distinct from active site
interactions observed in work with serine proteases.***’ It also
defined a distinguishing acyl chain-binding pocket/membrane

© 2009 American Chemical Society
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Figure 1. (A) Endogenous substrates of FAAH. (B) Inhibitors 1—5
of FAAH.

access channel flexibility and revealed an unexpected presence of
and prominent role for cytosolic port bound solvent (H,O) in
stabilizing inhibitor binding.

Herein, we report the X-ray crystal structures of three
additional o-ketoheterocycles, 3—5 (Figure 1B), bound to
humanized FAAH that were carefully chosen to further probe
the three key regions of the active site contributing to inhibitor
and substrate binding: the conformationally mobile acyl
chain-binding pocket (ABP) and the membrane access chan-
nel (MAC) responsible for fatty acid amide substrate and
inhibitor acyl chain binding, the atypical active site catalytic
residues and exquisite oxyanion hole that covalently binds to
the core of the a-ketoheterocycle, and the cytosolic port and
its imbedded H,O molecules. Consequently and complement-
ing the disclosed studies of the isomeric inhibitors 1 and 2,*
the bound inhibitors 3—5 probe the acyl chain-binding pocket
with three disparate acyl chains that cover a near maximal
difference in length, flexibility, and inhibitor potency, two
different core a-ketoheterocycles including a representative
member of the more potent oxadiazole-based inhibitors (5)
established to provide a near 10—70-fold enhancement over
the corresponding oxazole-based inhibitors,**** and two
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related cytosolic port bound aryl substituents that substan-
tially influence inhibitor potency and selectivity as well as their
physical and pharmacokinetic (PK) properties. The detailed
analysis of their key active site interactions, the comparison
with the prior structures of 1 and 2, and their implications on
the interpretation of the available structure—activity relation-
ships (SAR), are discussed herein, providing unique insights
that may guide future inhibitor design. Because of the com-
prehensive SAR studies that have been conducted with the o-
ketoheterocycle-based inhibitors of FAAH, the correspond-
ing three domains of the inhibitors (acyl chain, activating
central heterocycle, and C5 substituent that binds in the
cytosolic port) have been shown to exhibit relatively indepen-
dent contributions to the inhibitor potency or selectivity with
parallel results that can be discussed across the series of
inhibitors.

In addition to reinforcing the key features of the inhibitor
binding observed in the cocrystal structures of 1 and 2 bound
to FAAH and revealing new subtle interactions important for
future design, these studies additionally reveal that small
variations of the central activating heterocycle and its at-
tached C5-substituent can lead to further productive reorien-
tation of the inhibitor’s polar head in the cytosolic port due to
interactions with bound water molecules or a putative anion
binding site.

Results

The structures of FAAH bound to the o-ketoheterocycle
inhibitors 3—5 have been solved at a resolution of 1.95, 2.25,
and 2.25 A, respectively. The relatively high resolution of
these structures resulted in an unambiguous assignment of the
inhibitor in the active site and lead to Ry values of 18.8,19.8,
and 21.1%, respectively. The processing and refinement
statistics are provided in Table 1.

The rather high Ry,eree for the three structures may be a
direct effect of the radiation damage caused by the synchro-
tron beam intensity and possibly by beam translation along
the crystal axes during data collection. However, the overall
estimated standard uncertainty (ESU) for R/ Rpee In the
FAAH—-3, FAAH—4, and FAAH—S structures are only
0.13/0.12, 0.22/0.17, and 0.21/0.17 A, respectively.

The overall structures of FAAH are nearly identical to the
previously published structures of FAAH bound to 1 and 2+
(root mean squared deviations based on Co atoms is about
0.2—0.3 A), and the small differences are constrained to the
subtle active site distinctions discussed below. Unbiased
electron density maps defined the orientation of the inhibitors
in the active site and confirmed that they are covalently
bound to the catalytic Ser241 through reaction with the
inhibitor’s electrophilic carbonyl. The following description
of the bound inhibitors (Figure 2) individually analyzes regions
of the enzyme corresponding to the interactions found within
the channel/pocket network, the catalytic region composed of
the catalytic triad and oxyanion hole, and the cytosolic port.

Acyl Chain Binding in the Membrane Access Channel/Acyl
Chain-Binding Pocket. The phenhexyl chain of bound 3 was
found to overlay precisely with the phenhexyl chains of 1 and
2 benefiting from key interactions with the residues lining
the hydrophobic channel that pack tightly against the in-
hibitor forming a cavity complementary in shape to the
compounds (Figure 3). Favorable van der Waals inter-
actions are observed with Tyr194, Phe244, Thr377, Leu-
380, Leud04, Phe432, Thr488, and Val491. The m-system of
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Table 1. Data Collection and Refinement Statistics of FAAH Crystals
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FAAH-3 FAAH—4 FAAH-5
X-ray source APS-GM/CA-CAT APS-GM/CA-CAT SSRL-BLI1.1
space group P3,21 P3521 P3521
cell dimensions
a=b,c (A) 103.9,255.4 103.4,254.4 104.1,255.3
o, B,y (deg) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0

Data Collection
wavelength (A) 1.03312 1.03312 0.97945
resolution (A) 30.0—1.95(2.02—1.95) 30.0—2.25(2.33—-2.25) 30.0—2.25(2.32—2.25)
Rinerge (%0) 14.0(68.0) 14.4(45.2) 11.0(68.9)
1ol 9.2(2.0) 8.4(2.8) 12.2(2.1)
completeness (%) 98.5(97.7) 93.6(92.8) 99.8(99.7)
no. of unique reflections 115337 70790 76742
redundancy 5.5(5.1) 4.4(3.5) 4.6(4.5)
resolution (A) 1.95(1.97—1.95) 2.25(2.28—2.25) 2.25(2.28—2.25)
Ryork/ Riree (%) 15.5(22.7)/18.8(26.5) 14.4(17.7)/19.8(25.7) 16.6(25.1)/21.1(33.4)
no. atoms 9589 9325 9174
protein 8431 8457 8429
ligand/ion 58 74 61
water 1100 794 684
average B overall (Az) 23.6 26.2 30.6
rmsd bond length (A) 0.011 0.012 0.010
rmsd bond angle (deg) 1.254 1.306 1.213
90°
rotation

Figure 2. Top: Overlay of the portion of the five inhibitors that
interact with the cytosolic port (“head”). Bottom: Overlay of the
portion of the inhibitors that interact with the acyl chain-binding

pocket (“tail”). Inhibitor 3 is shown in cyan, 4 in purple, 5 in green,
1% in dark blue, and 2** in yellow.

the bound phenyl group is engaged in an aromatic CH—x
type interaction with an aryl ring hydrogen of Phe381,
mimicking the stabilizing interactions that support unsatu-
rated fatty acid side chain binding. Phe192, which is oriented
to provide a second weak CH—u interaction with the term-
inal phenyl group of 1,* rotates in the complex with 3 to
accept an aryl CH—u interaction from the pyridyl substitu-
ent bound in the cytosolic port. The mobile residues Phe432,
Met495, and Met436 adopt the conformation that leads to a
broadened and open membrane access channel with trunca-
tion of the acyl chain-binding pocket.** Phe432 makes a key
aryl CH—u contact with the inhibitor’s phenyl ring while the

Figure 3. FAAH active site with bound OL-135 (1,** in dark blue)
and 3 (in cyan). The protein backbone is shown in ribbon repre-
sentation. Shown here are the phenhexyl chains that overlay pre-
cisely and that Phe192 reorients to allow for changes in the oxazole
C5 substituent. 2F, — F, electron density maps at a contour level of
1.50 for compound 3 are shown with white meshes.

two methionines orient their sulfur lone pair electrons to-
ward the bound phenyl hydrogens engaging in two aromatic
CH—u interactions. These latter three residues and Phe381
appear to provide key anchoring interactions for binding
inhibitors related to 1—3, whereas Phel92 appears to swivel
to accommodate hydrophobic ligand binding in either the
substrate chain binding region or the cytosolic port. Despite
the subtle differences discussed above between 1—2 and 3,
the comparison of the three complexes reveal that the bound
disposition of the phenhexyl chain is identical and indepen-
dent of the choice of central activating heterocycle or its
attached substituents.

The binding of the biphenylethyl acyl chain of 4 extends
into the same cavity up to and terminating at the proximal
portion of the channel leading to the membrane (Figure 4).
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Figure 4. FAAH active site with bound 4 (in purple). Hydrophobic
residues of FAAH pack tightly around the biphenylethyl chain
mimicking that of arachindonoyl substrates. 2F, — F, electron
density maps at a contour level of 1.00 for compound 4 are shown
with white meshes.

The terminal phenyl group of 4is bound at precisely the same
location and in a nearly identical orientation as the phenyl
groups of 1—3. The terminal phenyl group of 4 is rotated ca.
25—30° relative to those of 1—3 in the plane of the ring, it is
tilted only slightly (ca. 12°) relative to those of 1-3, and its
centroid is displaced by only 0.4 A (Figure 2 and Supporting
Information Figures S1 and S2). These minor changes in the
orientation of the bound terminal phenyl group do not alter
the nature or the extent of the key interactions with the
enzyme (Phe381, Met495, Met436, Thrd88) although it does
pick up an additional stabilizing interaction with Thr377. In
fact, the protein conformation in this region with 4 is
practically identical to that found with bound compounds
1—3 including the adoption of the closed acyl chain-binding
pocket. The intervening linking phenylethyl chain of 4 and
the hexyl chain of 1—3 overlay beautifully with the first two
carbons of the two linking chains overlaying nearly identi-
cally with one another. The proximal phenyl ring in the
linker of 4, which is tilted relative to the distal phenyl ring (ca.
35°), picks up a stabilizing CH—u interaction with an aryl
hydrogen of Phel92 and appears to make stabilizing con-
tacts with Val491. These latter two interactions may be
mimicking those that bind the A%>®-double bond of arachi-
donoyl substrates and may contribute to the enhanced
affinities (typically ca. 3-fold relative to phenhexyl)*®*’ of
inhibitors bearing this optimized acyl chain.*®*” Notably,
the rotated orientation of Phe192 with bound 4 is identical to
that observed with 3, where it further benefits from an aryl
CH—u interaction with the cytosolic port bound pyridine
substituent and is distinct from the Phel92 orientation
observed with 1 and 2.

The third inhibitor, 5, possesses an oleyl acyl chain
mimicking the nature and size of the prototypical endogen-
ous substrates for FAAH. Although this increase in the
length of the acyl chain in such inhibitors decreases their
potency (ca. 20-fold), the activating oxadiazole heterocycle
in 5 provides a corresponding increase in potency (10—70-
fold) relative to an oxazole such that the potency of 5 is
roughly equivalent to that of 1 and 2. As such, inhibitor 5
represents only the second such X-ray crystal structure
disclosed complementing the initial rat FAAH structure
reported that was covalently bound to an arachidonyl phos-
phonate (PDB code 1MT5).** This latter structure was
conducted with an inhibitor that extended the substrate
length by one atom. This subtle distinction, as well as the
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90 rotation

Figure 5. Overlay of the TFAAH—MAP** (methyl arachidonyl
phosphonate) structure in blue and h/rFAAH—5 structure in green
shows the distinct trajectory that the two chains take away from the
active site region.

binding of 5 that is trapped as a deprotonated hemiketal
functionally mimicking the tetrahedral intermediate of the
enzyme catalyzed reaction (vs uncharged tetrahedral phos-
phonate), suggests that the structure of the bound complex of
5 with FAAH more closely resembles the enzyme conforma-
tion as it acts on endogenous substrates than any preceding
structure. Nonetheless, the acyl chain of § and that of the
bound arachidonyl phosphonate adopt similar conforma-
tions (Figure 5). Despite their differences in atom length
from Ser241 (18 atoms vs 21 atoms), both chains terminate at
the same location in the acyl chain-binding pocket. The most
obvious difference in the binding of the oleyl versus arachi-
donyl acyl chains is found at the site of the binding residue
Ser241, where the acyl chains extend into the substrate
channel from different angles (ca. 30—35°). No doubt this
reflects the distinctions in a bound tetrahedral phosphonate
versus the deprotonated hemiketal with 5, as well as the
orientation and depth to which they penetrate into the
oxyanion hole. Notably, the binding of 5 in this early region
of the substrate channel overlays nicely with the side chains
of 1—4. However, the binding of the oleyl chain extends into
the substrate channel much further than 1—4 and the enzyme
adopts a second conformation opening access to the acyl
chain-binding pocket (ABP). This bifurcation into two
hydrophobic cavities entails a rearrangement of Phe432
and reorientation of Met436 and Met495 that serves to
create an extended ABP and reduces the width of the
membrane access channel (MAC). Thus, the oleyl side chain
binding overlays with that observed with 1—4 (Figures 2
and 6) but extends beyond the phenyl binding region into the
newly created ABP and adopts a bent, not extended or
hairpin conformation with a trajectory of ca. 100°, validating
early conclusions drawn from the examination of conforma-
tionally restricted inhibitors.*> This turn is found at the
location of the oleyl A*!'°-double bond placing its 7z-unsatura-
tion at nearly the same location as the phenyl groups of 1—4. It
benefits from analogous stabilizing interactions involving
Phe192, Phe381, and possibly Phe432 through van der Waals
and hydrophobic interactions during binding and mimics the
binding of the oleamide chain. Furthermore, Phel92 is or-
iented as it is found in the structures of 1 and 2, differing from
the orientation found in 3 and 4, but it is tilted about 20°
compared to the 1 or 2 structures so that the aromatic ring
is perpendicular to the plane of the oleyl A>'°-double
bond s-orbital. Although the distances of the aryl CH’s to
the z-system are close enough to suggest they may be engaged
in aryl CH—m interactions, both their orientation and position
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Figure 6. TFAAH—MAP** structure in blue and h/rEAAH—S5 structure in green. The distortion in residues 275—278 are shown on the right
and minor changes to Thr488, Phe432, and Phe238 are shown on the left. The opened ABP not present with 1—4 is shown in surface
representation on the right panel. 2F, — F, electron density maps at a contour level of 1.00 for compound 5 are shown with white meshes.

are not properly aligned. However, the observations do suggest
that Phe192 may be best poised to interact with an arachidonyl
>6_double bond in a manner analogous to its interaction with
the internal phenyl group of 4 (see Figure 4). The oleyl A*'°-
double bond found in 5 and the arachidonyl A*°-double bond
of MAP occupy similar sites. To accommodate this, the oleyl
chain adopts a gauche versus extended conformation at
C6—C9 somewhat analogous to the arachidonyl A>®-double
bond. Just as interestingly, the oleyl side chain also appears to
adopt gauche versus extended conformations at C11—C14 and
C13—C16 mapping onto the arachidonyl A'“'? and A'!S
double bonds providing an overall bent or curled bound
conformation that terminates binding at roughly the same site
as MAP. Prior modeling studies enlisting Monte Carlo simula-
tions in conjunction with free energy perturbation calculations
(MC/FEP) also projected that the oleyl side chain of 5§ would
align in the acyl chain-binding pocket and adopt a nonex-
tended conformation similar to that of the FAAH—MAP
structure.*®

These comparison structures highlight several important
features that have been shown to impact inhibitor potency.
The strategic placement of the terminal phenyl group of 1—4in
proximity to the closed ABP, and the nature of its interactions
with FAAH are consistent with both its importance in con-
veying enhanced potency to the a-ketoheterocycle inhibitors
as well as its role in mimicking the s--unsaturation of ananda-
mide (A%-double bond), oleamide (A”'°-double bond), and
related fatty acid substrates. Both the presence of 7z-unsatura-
tion (alkyne > alkene > CH,CH,)*"3*% a5 well as its
stereochemistry (cis > trans)***>#° within the acyl chain of
the inhibitors have been shown to enhance inhibitor affinity.
This is consistent with the observed binding of the oleyl chain
found in 5.°*% The terminal phenyl group of the typically
more potent biphenylethyl side chain®®*” of 4, and presumably
that of a series of related, conformationally restricted side
chains containing two phenyl rings,*” lies in the phenyl binding
pocket defined by 1—3 supporting the conclusion that it
represents a dominant anchoring interaction for such inhibi-
tors.* Surrounding the phenyl binding region, there is suffi-
cient room and protein flexibility to accommodate the range
and character of appended phenyl substituents (m = p > o,
FAAH K;) that have been shown to maintain or enhance the
affinity of inhibitors closely related to 1—3.% Inhibitors that

Figure 7. Superposition of the oxyanion holes from the five struc-
tures of FAAH covalently bound to oxa(dia)zole inhibitors 1—5
(1 and 2 taken from ref. 43).

contain a shorter linking methylene chain exhibit a progressive
and substantially reduced affinity for FAAH failing to fully
benefit from the forces that stabilize substrate binding.>*** Just
as significantly, inhibitors that extend beyond this phenyl-
binding site also exhibit a progressively diminished binding
affinity.?>*? This is observed even with inhibitors that do not
contain sr-unsaturation or the terminal phenyl group, suggest-
ing that the substantial protein reorganization with opening of
the acyl chain-binding pocket to accommodate the longer
inhibitors (e.g., oleyl side chain) and/or the inhibitor adoption
of non-ground-state conformations (e.g., gauche vs extended
binding of oleyl side chain) offsets potential gains in inhibitor
binding derived from their increased size (length). The sys-
tematic examination of the terminal phenyl group placement
defined that a linking chain length of 5—6 methylenes is
optimal for inhibitors such as 1—3, that the biphenylethyl side
chain of 4 typically further improves on this, and that terminal
phenyl group removal substantially reduces affinity.3%-3%36-3745
Finally and consistent with the hydrophobic nature of the
protein in this linking region, introduction of polar atoms into
the linker progressively reduces inhibitor affinity (CH, > S >
O > NMe > CH(OH) > SO > SO, > CONH).*
Oxyanion Hole Interactions. The electron density at the
active site unambiguously established that inhibitors 3—5,
like 1—2, form covalent complexes with FAAH resulting
from Ser241 attack on the electrophilic carbonyl. The result-
ing tetrahedral hemiketal binds in a deprotonated state with
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Figure 8. Left: The intricate hydrogen bond network found in the FAAH—3 crystal structure involving the catalytic triad and inhibitors
containing a 2-pyridyl-6-carboxylate. 2F, — F_ electron density maps at a contour level of 1.50 for compound 3 and water molecules are shown
with white meshes. Right: Orientation of Ser217 and the activating heterocycles of compounds 2,** 3, and 5 after superposition of the three

structures highlighting the Ser217 7—OH H-bond.

the alkoxide bound tightly in the oxyanion hole defined by
the four main-chain amide N—H groups of 11e238, Gly239,
Gly240, Ser241, and secondary interactions provided by the
side chains of Asp237, Arg243, and Asn498. The oxyanions
of 3—5 are located at the center of the oxyanion holes defined
by the backbone amides of Ile238—Ser241, and the shor-
tened distances of 2.7—2.9,2.8—3.0,3.1—3.3,and 2.6—2.8 A,
respectively, are reflective of oxyanion (—O™) versus proto-
nated hemiketal (—OH) binding (Figure 7). Its axis is per-
pendicular to the plane of the four amino acids, the y-oxygen
of Ser241 and the bound carbon of the inhibitors are pulled
toward the oxyanion hole, and the relevant atoms of the five
inhibitors (1—5) are virtually superimposable (Figure 7).
Activating Heterocycle and Cytosolic Port Substituent
Binding. This proved to be one of the most interesting regions
of the structures to examine. The initial structures of 1 and 2
revealed that the catalytic triad was trapped in an interrupted
“in action” state with Lys142 H-bonded to Ser217 that in
turn was engaged in an unusual OH—z bond to the activat-
ing heterocycle (versus lone pair H-bonded).** An ordered
cytosolic port bound water was found to mediate an indirect
and flexible H-bond interaction between Thr236 and the
pyridyl nitrogen of the oxazole C5 substituent, locking it
into one of two possible orientations and providing a key
anchoring interaction for such inhibitors. In turn, Thr236
was H-bonded to the protonated Lys142, an integral residue
in the Ser241—Ser217—Lys142 catalytic triad. The fact that
the pyridyl substituents of both 1 and 2 bound to FAAH
superimposably, while their activating oxazole heterocycles
were flipped 180° relative to each other, provided a convin-
cing set of observations that supported their defined roles.*?
As a result, the bound structures of 3—5 proved especially
interesting to examine. The inhibitors 3 and 4 incorporate a
2-pyridyl-6-carboxylic acid as the oxazole C5 substituent.
This substituent slightly reduces the inhibitor potency as
measured at pH 9,°>373 substantially increases FAAH
selectivity (vs other serine hydrolases),>”*** and signifi-
cantly increases the inhibitor’s intrinsic solubility. The
bound disposition of the 5-(2-pyridyl-6-carboxylate)oxa-
zoles in 3 and 4 are identical, the dihedral angle across the
two aryl rings is ca. 11—14°, and the pyridyl ring is oriented
such that the pyridyl nitrogen is directed toward the oxazole

aryl CH rather than oxazole oxygen (anti vs syn), adopting
its most stable orientation.*® Like 1 and 2, the pyridine
nitrogens of 3 and 4 are in proximity to a cytosolic port
ordered water molecule that in turn is H-bonded to Thr236.
The distinguishing feature is that the pyridyl-6-carboxylate is
displaced relative to the pyridyl rings of 1 and 2. Its nitrogen
is now not engaged in a close H-bond to the cytosolic port
bound water (3.4-3.5 A for compound 3 and 4, vs 2.8—2.9
and 3.0—3.1 A for 1 and 2, respectively), but the position of
the water allows the formation of a new H-bond with the
adjacent carboxylate (3.0—3.1 A distance, Figure 8). More-
over, the carboxylic acid binds to what may be an anion
stabilizing site defined by the Gly268—Cys269 backbone
amides, and it appears to displace an additional bound active
site water molecule. Provocatively, the cytosolic port bound
water mediates an indirect H-bond to the active site proto-
nated Lys142 via Thr236 and it is not yet clear whether this
distant interaction (protonation) also contributes signifi-
cantly to the inhibitor affinity. Although the nitrogen atoms
experience only a small displacement (0.7 Avs 1), the plane
defined by the bound pyridines is altered with 3 and 4 being
drawn toward Phe192, which is now flipped 90° providing a
st-interaction with the pyridyl C3 and C4 CH’s for 3and 4. In
spite of these minor distinctions, the H-bonding to the
ordered cytosolic port water clearly represents a key stabiliz-
ing and anchoring interaction. It is known that the putative
anion binding site defined by Gly268—Cys269 in the cyto-
solic port represents a key interaction for a class of FAAH
substrates not yet widely appreciated (N-acyl taurines)>® and
perhaps even for those yet to be discovered. The endogenous
N-acyl taurines that activate members of the TRP ion
channel family and are upregulated 10-fold in FAAH in-
activated animals bear a negatively charged sulfate that has
been shown to productively interact with the cytosolic port
Gly268 through mutagenesis studies. Thus, mutagenesis of
Gly268 to aspartate (G268D) reduced the rate of N-acyl
taurine hydrolysis 100- to 1500-fold lower than wild-type
FAAH while maintaining wild type levels of N-acyl entha-
nolamide hydrolysis. It is likely that the inhibitors incorpor-
ating the 2-pyridyl-6-carboxylic acid substituent including 3
and 4 are mimicking and stabilized by this endogenous
substrate interaction. As such, this is a superb interaction
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Figure 9. Cocrystal structures of FAAH—5 (in green) and FAAH—2* (in yellow) display the difference in water H-bonds between an
oxadiazole and oxazole core. 2F, — F, electron density maps at a contour level of 1.00 and 1.5¢ for compounds 5 and 2* with their water

molecules, respectively, are shown with white meshes.

to exploit for altering the physical properties of FAAH
inhibitors (e.g., solubility, PK properties) while maintaining
or even enhancing inhibitory potency and selectivity. Final-
ly, it is worth highlighting that the inhibitors containing the
2-pyridyl-6-carboxylic acid substituent displayed a consis-
tent and anomalously larger stabilizing effect on the thermal
denaturation of the enzyme, further suggesting that the
carboxylic acid interaction with the anion binding site may
be providing a uniquely important stabilization to the bound
complexes of such inhibitors.”!

Consistent with the importance of the water mediated H-
bond between Thr236 and the more traditional pyridyl
substituent, replacing the pyridine nitrogen with a carbon
(phenyl vs 2-pyridyl) reduces inhibitor potency 20-fold and
even changingits location within the pyridine ring resultsin a
3—4-fold loss in potency.’*> A systematic probe of this
effect revealed that potency smoothly correlates with the
H-bond acceptor properties of the attached C5 heterocycle
(e.g., 2-pyridyl = 4-pyrimidyl = 2-oxazole = 2-pyrimidyl >
2-thiazole = 3-pyridazine > 2-furan > 2-thiophene > phenyl)
and that it is predictably and subtly influenced by additional
substituent effects.>***3> Consequently, it is of special note
that one of the very few exceptions to this generalization
entails removing the nitrogen from the pyridyl group of 3,
providing an unexpectedly potent inhibitor (K; = 5 nM).*
Because altered locations (ortho and para vs meta) of this
carboxylic acid on a phenyl substituent were found to be
significantly less active, its unique activity and that of
3 along with the X-ray of 3 depicting the carboxylic acid
H-bonding in the anion binding site, indicates that a car-
boxylic acid placed in this unique location enhances inhibitor
binding. What is also clear is that the cytosolic port interac-
tions including that of its ordered water are flexible, poten-
tially accommodating an H-bond acceptor at varied loca-
tions, that the interactions are sufficiently strong to account
for enhanced inhibitor potencies over well-defined predic-
tions (o, vs —log K),>*37% and that they serve as a key
anchoring interactions capable of substantially influencing
inhibitor potency.*?

One of the additional most interesting interactions ob-
served at the catalytic core is mediated by Ser217. Rather
than lying in the plane of the activating heterocycle and
aligned to H-bond to one of its heteroatoms, this residue is

located above and oriented toward the center of the hetero-
cycle m-system at a distance of 3.4—3.6 A (Figure 8). Lys142
is located even further away from the activating heterocycle
and is also not spatially aligned for in plane H-bonding. This
lack of a stabilizing H-bond with the basic nitrogen of the
oxazole is in sharp contrast to the role of the heterocycles
first defined in the pioneering efforts with a-ketoheterocycles
disclosed by Edwards with serine proteases.*” Like the many
cases subsequently explored,*® Edwards observed that the
activating heterocycles H-bond through nitrogen to a cata-
lytic residue (typically His), preferentially stabilizing the
bound tetrahedral complex. In contrast and given its geo-
metry, the FAAH Ser217 engages in a SerOH—x H-bond
with the activating heterocycle. Thus, the role of the activat-
ing heterocycle is intrinsically different and this accounts for
the remarkable and unanticipated substituent effects ob-
served in our work,**3”3% where the inhibitor potency
actually increases, not decreases, with the addition of elec-
tron-withdrawing substituents representing effects that are
not observed in the work of Edwards and others.***” True to
our observations and in contrast to prior works, the hetero-
cycle role is not one of preferential H-bonding stabilization
of the tetrahedral adduct via interaction of its proximal basic
nitrogen with a core catalytic residue. Rather, its role
appears more intimately related to its intrinsic electron-
withdrawing character that can be further enhanced by
its attached substituents (p = 3—3.4 in a Hammett analy-
sis)**7* serving to activate the reactive carbonyl for nu-
cleophilic attack. What is not yet clear is whether the
heterocycle simply serves to solvate the catalytic Ser217—OH
at the active site or whether this OH—x H-bond provides a
preferential stabilizing interaction with the more basic hetero-
cyclic m-system of the tetrahedral adduct. The geometry of
the Ser217 H-bond to the s-system of the activating hetero-
cycle is remarkably consistent between the various inhibi-
tors, displaying analogous distances of 3.4—3.6 A and angles
forming on the oxygen between the ring centroid and the
serine Cf atom ranging from 120° and 140°, thus slightly
above optimal but still within OH—s H-bond parameters
(Figure 8).

Perhaps the most interesting insights emerged from
examining this region of the oxadiazole-based inhibitor 5.
The pyridine and oxadiazole are also nearly coplanar (ca. 20°
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Figure 10. FAAH inhibitor potency trends from SAR studies on
the central activating heterocycle.

dihedral angle) and the sense of the biaxial twist is the same
as that observed with 1—4 (Figure 9). The pyridyl ring is
oriented in the same direction observed with 1—4, and its
nitrogen lies syn to the oxadiazole N4 and anti to the
oxadiazole O. Its nitrogen atom lies very close to its position
found in 1 and 2, and it is engaged in the same, but an even
stronger H-bond with the ordered cytosolic port water (2.6 A
vs2.8—3.1 Ain1— 2). The second nitrogen of the oxadiazole,
that is not found in the oxazole inhibitors (N4 vs C4), is also
H-bonded to this same cytosolic port water (3.1—3.2 A),
resulting in the subtle reorientation of the biaryl axis of 5
versus 1 and 2. The net result is that the activating hetero-
cycle and attached pyridine substituent are drawn closer to
the catalytic triad including Lys142 as well as Thr236.
Although the geometry is not optimally aligned, the OH of
Thr236 is now in plane and closer to the oxadiazole N4
nitrogen (3.1—3.3 A), potentially providing another, albeit
less stabilizing, H-bond. This intricate H-bond network
involving the cytosolic port water and Thr236 with the
pyridyl substituent and activating oxadiazole N4 most likely
accounts for the >10-fold increase in inhibitor potency
observed with the 1,3,4-oxadiazoles®>* and its closely re-
lated isomers (Figure 10). In several studies, we observed a
general and substantial increase in inhibitor potencies if the
activating heterocycle incorporated a second weakly basic
nitrogen analogous to N4 found in the oxadiazole of inhi-
bitor 5.°%%-3 These trends tracked with the H-bond accep-
tor properties of the additional heteroatom inserted into the
activating central heterocycle (N > O > CH),* (Figure 10).
Although several interpretations could be envisioned for
such observations, including enhancements in the electron-
withdrawing properties of the activating heterocycle, we
have also advocated that such heterocycles may participate
in an additional stabilizing H-bond interaction at the active
site serving as an H-bond acceptor. Even before these X-ray
crystallographic studies were available, we suggested this
likely involved a mobile H-bond donor at the active site and
thought this might involve the protonated Lys142 central to
the catalytic triad.>® The structure of 5 bound to FAAH
reveals that, in part, this latter interpretation was accurate.
The stabilizing H-bonds are derived primarily from the
mobile, ordered cytosolic port water, mediating the indirect
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H-bond to Thr236 and its H-bond to the protonated Lys142
as well as a potential direct Thr236 H-bond. This does
require a slight reorientation of the oxadiazole plane relative
to that observed with oxazole and this appears to partially
disrupt the more ideal Ser217 m-bond to the activating
heterocycle observed with 1 and 2 (Figure 8). However, even
a less optimal geometry for this Ser217 OH—x H-bond
interaction is more than compensated for by this dual
hydrogen bond interaction of the oxadiazole with the key
cytosolic port bound water.

Conclusions

Three X-ray cocrystal structures of a carefully chosen set of
representative o-ketoheterocycle-based inhibitors of FAAH
have been solved and are comparatively examined herein in
conjunction with our previously reported cocrystals of 1 and
its isomer 2. Each reflects the anticipated reversible covalent
addition of the active site Ser241 to the activated carbonyl
mimicking the tetrahedral intermediate of the enzyme cata-
lyzed reaction, their comparison allowed features of acyl chain
binding in the conformationally mobile membrane access
channel and acyl chain-binding pocket to be clarified defining
two predominate states (open and closed ABP), and all five
bind in a way that establishes a unique role of the activating
central heterocycle. This latter role is distinguished from that
observed with prior applications of o-ketoheterocycle inhibi-
tors of serine proteases reconciling the large substituent effects
found unique to this class of FAAH inhibitors, and each of the
five structures display an unusual and now characteristic
Ser217 OH—s H-bond. The activating heterocycles are best
viewed as electron-withdrawing groups serving to activate the
C2 carbonyl on which further substituents can be appended to
both increase their intrinsic electron-deficient character and
enhance stabilizing cytosolic port interactions. Not only may
such substituents be utilized to predictably enhance this
electron-deficient character and the active site interactions
including that of a putative anion binding site, but even
embedded peripheral heteroatoms may serve as H-bond
acceptors to engage additional stabilizing cytosolic port inter-
actions mediated by ordered, bound water. Unique to this
class of reversible covalent inhibitors and absent in the
carbamate and urea-based irreversible inhibitors is the oppor-
tunity to define and exploit such dominant cytosolic port
interactions for enhancing FAAH affinity and selectivity.

Experimental Section

Synthesis of Inhibitors 3—5. The inhibitors were prepared in
studies disclosed previously.??33-37-38

FAAH Expression, Purification, and Crystallization. The
procedures used were described previously.*® In brief, the
N-terminal transmembrane-deleted (ATM) form (amino acids
30—579) of the humanized/rat (h/r) FAAH*® gene was ex-
pressed in the Escherichia coli BL21 and purified using three
chromatography steps including metal affinity, cation ex-
change, and size exclusion chromatography. 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 (anatrace), and 2 mM dithiothreitol. Protein con-
centrations were determined using a reducing agent compatible
BCA protein assay kit (Pierce Biotechnology). The additives
xylitol (Sigma) and benzyldimethyl(2-dodecyloxyethyl)-ammo-
nium 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
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buffer (30% PEG400, 100 mM Hepes, pH 7.5, and 100 mM
NaCl), 6% dimethylformamide (DMF) and 0.5 mM inhibitor
(in DMF) were added to obtain the final crystallization
mother liquor. The excess inhibitor that precipitated out of
solution was spinned down at 16000g for 3 min and discarded.
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 structures of FAAH
with 3 and 4 were collected at a temperature of 100 K from a
single crystal at the GM/CA-CAT beamline of the Advanced
Photon Source (APS, Argonne, IL) using a 10 um beam
collimator. The data for the cocrystal structure of FAAH with
5 was collected at the Stanford Synchrotron Radiation Labora-
tory (SSRL, Menlo Park, CA) on beamline 11-1. For data
reduction we used XDS (FAAH—3, FAAH—5) and HKL2000
(FAAH—4) programs. Structures were solved by molecular
replacement using the program Phaser (CCP4 package) and
the coordinates of the FAAH—2 structure (PDB code: 2WJ1) as
a search model. Structure refinement was performed using the
software suite Phenix, Refmac5, and Coot. Chemical para-
meters for the inhibitors were calculated by the Dundee
PRODRG Web server. For the last step of refinement, TLS
(Translation/Libration/Screw) parametrization has been ap-
plied by dividing each monomer in 8 partitions. Results from
data processing and structure refinement are provided in Ta-
ble 1. The crystal lattices were found in the P3,21 space group,
containing a FAAH dimer in the asymmetric_unit. The struc-
tures were determined at a resolution of 1.95 A (3), 2.25 A (4),
and 2.25 A (5).
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