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Abstract

The endocannabinoid system regulates a wide range of physiological processes including pain,
inflammation, and cognitive/emotional states. URB597 is one of the best characterized covalent
inhibitors of the endocannabinoid-degrading enzyme fatty acid amide hydrolase (FAAH). Here,
we report the structure of the FAAH-URB597 complex at 2.3 A resolution. The structure provides
insights into mechanistic details of enzyme inactivation and experimental evidence of a previously
uncharacterized active site water molecule that likely is involved in substrate deacylation. This
water molecule is part of an extensive hydrogen-bonding network, and is coordinated indirectly to
residues lining the cytosolic port of the enzyme. In order to corroborate our hypothesis concerning
the role of this water molecule in FAAH’s catalytic mechanism, we determined the structure of
FAAH conjugated to a urea-based inhibitor, PF-3845, to a higher resolution (2.4 A) than
previously reported. The higher resolution structure confirms the presence of the water molecule
in a virtually identical location in the active site. Examination of the structures of serine hydrolases
that are non-homologous to FAAH, such as elastase, trypsin, or chymotrypsin, shows a similarly
positioned hydrolytic water molecule and suggest a functional convergence between the amidase
signature enzymes and serine proteases.
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INTRODUCTION
Fatty acid amide hydrolase (FAAH) degrades lipid signaling molecules such as the

endogenous cannabinoid (endocannabinoid), anandamide (N-arachidonyl ethanolamine) and
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the sleep-inducing substance oleamide (cis-9-octadecenamide) (1-3). Pharmacological
studies in rodents and experiments with knock-out mice have demonstrated that blockade of
FAAH activity raises endogenous levels of fatty acid amides (2-6). Such studies have also
linked elevations in fatty acid amides to therapeutically desirable analgesic, anti-
inflammatory, and neuropsychiatric effects (3-18). These effects occur without many of the
untoward side effects observed with direct cannabinoid receptor-1 (CB1) agonists, such as
hypothermia and cognitive and motor dysfunction. Finding selective and potent inhibitors of
FAAH with drug-like properties has thus been the subject of intense medicinal chemistry
efforts (17,18). Many of the most promising inhibitors identified through these efforts are
mechanism-based covalent modifiers of the enzyme.

FAAH is a member of the amidase signature family (1,19-20). Enzymes in this family are
found in bacteria, archaea and eukaryotes, and hydrolyze diverse substrates ranging from
glutamine (21) to peptide amides (22) to simple hydrophilic amides, such as acetamide or
malonamide (23). As might be expected, these enzymes have correspondingly diverse
substrate binding pockets (20,22-23). In FAAH, a pocket adjacent to the catalytic site
branches into an acyl-chain binding pocket and a tunnel leading to the membrane
(membrane access channel) (20) (Figure 1A). Consistent with their proposed roles in
binding the fatty acid chains of substrates, these portions of FAAH have hydrophobic
surfaces (20). A second channel, the cytosolic port, connects the active site to the cytoplasm.
This hydrophilic cavity interacts with the head groups of FAAH substrates (20,24,25). It
provides a route through which hydrophilic products (ethanolamine in the case of
anandamide) and the leaving groups of certain covalent inhibitors are released into the
cytoplasm (20,24,25). FAAH and its homolog FAAH-2 (26) are unusual members of the
amidase signature family in that they are membrane associated. Nevertheless, FAAH shares
a core set of residues, including a catalytic Ser-Ser-Lys triad, with other members of the
family (20,22-23).

The catalytic mechanism of FAAH has attracted considerable interest (2,27-29). In broad
outline, it involves four steps: (1) nucleophilic attack of the substrate by an activated serine
to generate an enzyme-linked tetrahedral intermediate, (2) subsequent elimination of a
substrate leaving group to form an acyl-enzyme intermediate, (3) attack of an activated
water to create a second tetrahedral intermediate and (4) resolution into the acid product and
regenerated enzyme. (Figure 1B). Ser241 was identified as the nucleophile in the active site
of FAAH through mutational and affinity labeling studies (27). Mutational studies also
showed the importance of Lys142, which acts as both a base to activate Ser241 and as an
acid that helps protonate the substrate leaving group (28). Structural studies established that
both of these activities of Lys142 are indirect and mediated through the hydroxyl side chain
of Ser217 (20). FAAH is an atypical serine hydrolase; it catalyzes the hydrolysis of both
amide and ester substrates at comparable rates, with an acylation rate limiting step (28). It
has been proposed that this unusual enzymatic profile is critical for FAAH activity in vivo,
where lipid esters are far more abundant than lipid amides (28). Despite these differences,
some classes of FAAH inhibitors, such as carbamates, fluorophosphonates, and a-
ketoheterocycles, also inhibit non-homologous serine hydrolases, suggesting the enzymes
share some degree of mechanistic similarity (2,17).

URB597 is a widely used carbamate inhibitor of FAAH with a relatively simple chemical
structure, consisting of a cyclohexyl moiety, a carbamate reactive group and a meta-
biphenylamide leaving group (Figure 1C; 30-31). It displays excellent selectivity for FAAH
in the nervous system, although the inhibitor does inactivate additional peripheral hydrolases
(32). The carbamate inhibitors were initially derived from an acetylcholine esterase inhibitor
with very poor FAAH potency (compound 19, Figure 1C), but were rapidly optimized into
compounds such as URB524, which has an apparent potency of 63 nM (Figure 1C, 30).

J Mol Biol. Author manuscript; available in PMC 2011 July 23.
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Addition of an amide group to the meta-biphenyl moiety yielded URB597, an inhibitor with
an ICg of 4.6 nM (31), making it one of the earliest drug like inhibitors of FAAH. Initial
modeling studies suggested that the biphenyl moiety of the URB compounds might bind in
the hydrophobic pocket of FAAH, with the cyclohexyl group extending into the cytosolic
port (30, 31). Subsequent experiments indicated that the original modeling was incorrect,
instead invoking a flipped orientation of the compounds in the active site of FAAH (33).

Here we describe the URB597-carbamoylated structure of humanized rat FAAH (h/rFAAH),
determined at 2.3 A resolution. The h/rFAAH protein used in these and past crystallographic
studies contains six active site mutations that replace non-conserved residues in the rat
sequence with their human counterparts (25). These mutations allow us to take advantage of
the superior expression and biophysical properties of rat FAAH while mimicking the
inhibitor binding profile of the human enzyme. Because it contains a plateau composed of
two helices with exposed hydrophobic residues, h/rFAAH remains fully membrane-
associated even though it lacks the hydrophobic N-terminal sequence of the wild-type
enzyme (20). The structure of FAAH-URB597 establishes the orientation of the cyclohexyl-
carbamate moiety within the acyl chain-binding tunnel and is consistent with the results of
structure activity relationship experiments. The structure also shows the location of a water
molecule in the active site that is close to the carbonyl carbon of the inhibitor. The water is
held in place through hydrogen bonds to both protein and a second water molecule. Re-
determination of the structure of the urea-based inhibitor, PF-3845 (18), at a higher
resolution reveals similarly placed waters. The water molecules close to the inhibitor
carbonyl carbon atom in the active site of FAAH superimpose on those seen in high
resolution structures of non-homologous serine hydrolases, indicating that some of the
mechanistic insights derived from decades of analysis of serine proteases may be applicable
to FAAH.

We have determined the structure of h/rFAAH conjugated with the carbamate inhibitor
URB597 at a resolution of 2.30 A and determined the structure of h/rFAAH conjugated with
the urea inhibitor PF-3845 at a higher resolution (2.42 A) than previously reported (Table 1).
Both h/rFAAH conjugates crystallized in space group P212,24, with a biological dimer in
the asymmetric unit with 1,550 A2 (7.5 %) of the monomer surface buried upon dimer
formation. The structures have been refined to crystallographic R values of 17.6 and 16.0%
respectively (Rfree: 21.4 and 20.0%), with good geometry. All residues of the
crystallographic construct have been built into the electron density maps, except for some
disordered residues at the extreme N- (model starts at residue Thr32) and C- (model ends at
Pro578 in the FAAH-URB597 structure) termini of the protein. The two monomers within
each asymmetric unit are very similar in structure and, together, constitute what is likely the
physiological dimeric form of the enzyme. Although the unit cell dimensions of the FAAH—-
PF-3845 structure differ substantially from those of our earlier data set (PDB ID 2WAP), the
structures show no global conformational changes. The root mean squared deviations
(RMSDs) calculated over all pairs of ordered C, atoms in the dimer between the current two
structures of FAAH-URB597 and FAAH-PF-3845 and the reference model PDB ID 2WAP
are 0.32 for and 0.38A, respectively.

Unbiased electron density maps show the locations and orientations of the inhibitors in the
active sites and reveal the positions of ordered water molecules that we suggest are
mechanistically important (Figure 2). All atoms of the carbamoylated portion of the
inhibitors are ordered and visible in the electron density maps. As expected, the inhibitor
carbonyl carbon atoms are covalently bonded to the catalytic Ser241 (Figures 2-4).

J Mol Biol. Author manuscript; available in PMC 2011 July 23.
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FAAH-inhibitor interactions can be conveniently divided into three regions: those that occur
in the hydrophobic pocket (including the acyl-chain binding pocket and membrane access
channels), those in the cytosolic port, and those localized to the catalytic core. The URB597
and PF-3845 inhibitors are trapped in a stable carbamoylated intermediate form, a species
that is formed concomitant with the loss of inhibitor leaving groups. The interactions of
these inhibitors with the cytosolic ports are thus not observed in the current structures.
Protein-inhibitor interactions are therefore presented below in the context of the
hydrophobic pocket and the catalytic core.

Protein-inhibitor interactions in the hydrophobic pocket of FAAH

The cyclohexyl moiety of URB597 binds in a cavity that connects the active site residues to
the membrane surface of FAAH (Figure 3). This cavity is lined with hydrophobic residues
that can assume multiple conformations depending on the structures of bound inhibitors
(24). Three residues in particular, Phe432, Met436, and Met495, possess distinct
conformations that cause profound alterations of the relative sizes of the membrane access
channel and acyl-chain binding pocket (24,25).

Phe432 is located at the junction of the membrane access channel and acyl-binding pocket,
and two distinct rotamers of this residue have been observed in previous structures. In the
FAAH-URB597 structure, Phe432 has an orientation seen previously in the PF-3845 and
MAFP containing structures, with a well defined acyl-chain binding pocket and a constricted
membrane access channel. In this context, it contrasts with the OL-135 and PF-750 inhibitor
bound structures. The FAAH-URB597 structure is unique among currently available
structures in that no inhibitor atoms are in direct contact with Phe432. However, difference
electron density maps contain unaccounted for electron density in the acyl-chain binding
pocket near Phe432, suggesting that components from the crystallization buffer are present
there at a low occupancy. It is therefore unclear whether the pose of Phe432 is a
consequence of a lack of inhibitor contact (and potentially reflective of its pose in apo
FAAH) or is influenced by the crystallization conditions.

Closer to the catalytic core, shifts of the main chain atoms of residues 192-195 occur in the
context of various inhibitors (18,24,25). The hydrophobicity and flexibility of this region of
FAAH is consistent with its role in binding the diverse acyl-chains of its various endogenous
lipid substrates. Structural, mutational, and chemical approaches have been used to better
characterize this portion of the enzyme with the twin goals of understanding substrate
specificity and the generation of improved inhibitors (2,17-18,20,24,25,30-33).

The region of the active site pocket occupied by the cyclohexyl group of URB597 overlaps
that occupied by the piperidyl moieties of PF-750 and PF-3845 and the alkyl chains of
inhibitors such as OL-135 or MAFP (18,20,24,25). Although both URB597 and the PF
compounds place six membered rings in this part of the active site, the poses of these rings
differ (Figure 4). In contrast to the piperidyl rings of the PF inhibitors which are separated
from the Oy of Ser241 by one atom, the cyclohexyl of URB597 is separated by two atoms
from the Oy. The two classes of inhibitors thus have different inhibitor trajectories. As a
consequence of these differences and to alleviate a protein—inhibitor steric clash, PF-750 and
PF-3845 induce a shift in the position of the main chain atoms of residues 192-195 that is
not observed in the URB597, OL-135 or FAAH-MAFP structures (18,20,24,25). Indeed, the
carbamate nitrogen of URB597 is 3.0-3.1 A from the carbonyl oxygen of Ser193 with which
it forms a hydrogen bond with good geometry. This unpredicted hydrogen bond, with the
secondary carbamate nitrogen of the URB597 inhibitor, has not been observed previously in
the urea structures, which are instead characterized by tertiary carbamate nitrogens (18,25).

J Mol Biol. Author manuscript; available in PMC 2011 July 23.
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A number of residues appear to make favorable hydrophobic contacts with the cyclohexyl
ring of URB597 (Figure 3). Phe192, 11e238, Val491, and Ser193 make van der Waals
interactions with this moiety. Overall, approximately 250 A2 of protein surface is shielded
from solvent through interactions with the cyclohexyl ring of URB597. In addition, the
inhibitor may form a weak aliphatic CH-= hydrogen bond with aromatic ring of Phe192
(Figure 3).

Protein-inhibitor interactions in the catalytic core of FAAH

As illustrated in Figure 4, the positions of the catalytic triad and oxyanion hole residues in
the FAAH-URB597 and FAAH-PF-3845 structures superimpose well. The inhibitor
interactions with these residues are well conserved, and have been described previously
(20,24,25).

The higher resolution of the structures described here leads us to conclude that two
unresolved features observed in the active sites of earlier structures and tagged there as
dummy atoms (25) are, in fact, water molecules (Figure 2). The height of the W1 peak in the
omit electron density map is 10c in the URB597 and 9c in the PF-3845 structure. The W2
molecule has corresponding peak heights of 66 and 9c. In the URB597 structure, the
temperature factor for W1 is 28-30 A2 and W2 is 32-42 AZ (the average for all waters is 48
A2). In the PF-3845 structure, overall temperature factors are slightly lower: W1 has a
temperature factor of 16-25 A2, W2 of 18-22 A2, and the average for all waters in the
structure is 37 A2. In both inhibitor bound structures, the temperature factors for W1 and W2
are within the range expected for ordered water molecules. Electron density map peaks
corresponding to the positions of W1 and W2 have also been observed in the FAAH-PF-750
acyl intermediate structure (atoms UNX1575-1577, PDB code 2VYA), but not in those of
FAAH bound to MAFP or OL-135, where the waters are displaced by the methyl or central
heterocycle moieties, respectively. W1 and W2 thus appear to be conserved in
carbamoylated but not covalent, tetrahedral adducts with FAAH.

W1 is coordinated by FAAH in a fashion that places it close to the carbonyl carbon of the
carbamoy! intermediates (Figure 2). It forms hydrogen bonds with the hydroxy! side chain
of Ser217 (2.7-2.8 A), the main chain carbonyl of Met191 (2.7-2.8 A) and W2 (2.6-2.8 A),
through which it is indirectly coordinated to Thr236 (2.8-3.1 A) in the cytosolic port and
11238 in the oxyanion hole. Thr236 in turn also hydrogen bonds with the e-amino moiety of
the catalytically critical residue Lys142. The coordination of W1, places it far out of the
FAAH:inhibitor carbamate plane (3.0 A). A normal vector dropped from W1 down to the
plane would come close to the inhibitor carbonyl carbon. To reduce bias, no user-input
distance restraints involving W1 were used during the course of refinement with the
program REFMAC 5.0. W1 is only 3.0-3.1 A from the URB597 and 2.9 A from the
PF-3845 carbamate carbons.

DISCUSSION
Structure-activity relationships and the crystal structure of FAAH bound to URB597

Early modeling efforts docked URB597 into the structure of the FAAH-MAP complex in
two fundamentally different ways, with the cyclohexyl moiety in the acyl-chain binding
pocket or in the cytosolic port. Though initial synthetic studies failed to resolve this
ambiguity (30,31), later work based on mass spectrometry characterization of the
carbamoylated-FAAH adduct (34), QM/MM mechanistic modeling efforts (35), and the
characterization of a series of carbamic acid biphenyl esters (33) favored, consistent with
our current structure, placing the cyclohexyl moiety in the acyl-chain binding pocket.

J Mol Biol. Author manuscript; available in PMC 2011 July 23.
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Piomelli and colleagues have generated extensive structure-activity relationship data
replacing the cyclohexyl moiety of URB524 with a variety of alkyl and aromatic groups
(33). These data can now be examined in the context of the FAAH-URB597 structure. They
observed that substituting the cyclohexyl group with a methyl causes a 220-fold loss in
potency, indicating the importance of protein-inhibitor interactions in this region of the
active site. Cyclobutyl and cyclopentyl substitutions yielded slightly more favorable I1Csgs
than observed for URB524. A norbornyl-substituted inhibitor can also be docked relatively
easily within the active site and showed only a 4-fold drop in potency. However, modeling
an adamantyl substitution into the crystal structure shows that it is too large to be easily
accommodated within the active site, and indeed resulted in a 65-fold fall in potency.

One of the more dramatic changes in potency is the 60-fold drop observed when the
cyclohexyl moiety is replaced by a phenyl group. The FAAH-URB597 structure provides an
explanation for this decrease in activity. A search of the Cambridge Structural Database of
small molecules yielded 82 high quality phenyl carbamates structures with hydrogens
attached to the aniline nitrogen and the ortho positions of the aromatic ring (37,38). The
phenyl and carbamate planes were typically close to coplanar, with a standard deviation of
10.3°. The preferred conformation of a phenyl-substituted inhibitor would therefore place
the aromatic plane perpendicular to the orientation of a least-squares fit plane of the six
carbon atoms of the cyclohexyl ring in the FAAH-URB597 structure. In this perpendicular
orientation, the phenyl moiety would clash with FAAH, indicating that either the phenyl-
substituted inhibitor would have to assume a disfavored pose, or it would induce a protein
conformational change. Consistent with this explanation, a benzy| rather than phenyl
substitution, which would be expected to dramatically alter the plane of the aromatic ring,
only decreases potency two-fold.

Replacing the carbamate nitrogen of URB524 with a carbon atom results in a 40-fold drop in
potency (33). This effect can be ascribed to two possible causes. First, the substitution might
change the intrinsic reactivity of carbonyl carbon. For example, changing the covalently-
bound adduct from a carbamate to an ester species increases the electrophilicity of the
carbonyl carbon and concomitantly may increase its susceptibility to hydrolysis and the
regeneration of active enzyme. Second, the FAAH-URB597 crystal structure shows that the
carbamate nitrogen of URB597 forms a hydrogen bond to the carbonyl of Ser193. Loss of
this hydrogen bond would presumably directly reduce enzyme—inhibitor affinity and also
indirectly further increase the electrophilicity of the carbonyl carbon. Further experiments
would be required to determine the relative contributions of these two mechanisms to the
loss of potency in the carbon substituted compound. In particular, it would be interesting to
know whether the carbon-substituted compound URB524 can form as stable a FAAH adduct
as URB597 (the FAAH:URB597 intermediate can survive a 22° C incubation for over 18
hours (39)).

Crystallographic waters in the catalytic core of FAAH

Modeling and analysis of crystallographic waters in the structures described here established
the presence of two water molecules close to the carbamate group, which we called W1 and
W?2. Earlier structures contained unmodeled density peaks (18), or atoms flagged as
unknown, at positions similar to those of W1 and W2 (25). However, given the lower
resolution of these earlier data sets, we could not at the time unambiguously identify these
features as water molecules.

We propose that W1 is the substrate deacylating water of FAAH in the acyl intermediate

state conformation and that W2 indirectly coordinates it through Thr236 to Lys142 of the
catalytic triad. The W1 to carbamate carbon distances in our FAAH structures range from
2.9t0 3.1 A and the W1---C=0 angles span 88-92°.

J Mol Biol. Author manuscript; available in PMC 2011 July 23.
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To confirm that this surprisingly close contact with W1 in these structures was physically
reasonable, we searched for similar contacts in higher resolution crystallographic structures.
A search of the February 2009 release of the Cambridge Structural Database (37,38)
revealed a number of contacts between carbonyl carbons and water molecules. We restricted
our analyses to entries of single, well-ordered crystals of small organic molecules with R
factors below 5%, and no annotated errors. The database contains 36 instances with water to
carbonyl carbon distances between 2.8 and 3.1 A, and an additional 45 occurrences between
3.1and 3.2 A. For most of these 81 close approaches, the water molecules lie far from the
molecular plane containing the carbonyl moiety (further than 2.8 A for three-quarters of the
water molecules). The O:-C=0 angles have a broad distribution with a mean angle of 93°
and a standard deviation of 12.7°. High-resolution small molecule structures containing
close oxygen:carbonyl carbon contacts therefore demonstrate that the positions occupied by
W1 molecules in our moderate resolution structures are precedented and energetically
accessible. Nevertheless, as a class, close W1---C=0 contacts are rare, and presumably
disfavored (the number of such contacts with distances between 2.8 and 3.2 A is ten times
smaller than the number with distances between 3.2 and 3.6 A)

Remarkably, the position of W1 in the active site of FAAH is similar to that of the
deacylating waters in high-resolution structures of acyl-serine protease structures (Figure 5;
40-44). Because the amidase signature and serine protease families are evolutionarily
independent and have completely different folds, they cannot be superimposed using C,,
coordinates. Instead, a much more limited superposition, using the corresponding pairs of
catalytic serine Cp and inhibitor ester or carbamate atoms is informative. For example, such
a superposition brings W1 within 0.4 A of the catalytic water in a 1.6 A resolution acyl-
intermediate structure of elastase (Figure 5; 43, PDB code: 1HAX). This superposition also
demonstrates the overlap of the catalytic triad histidine nitrogen with the hydroxyl of
Ser217.

High-resolution structures of acyl-serine protease complexes demonstrate that they have
evolved the ability to position water molecules at defined positions close to the carbonyl
carbons of acyl-enzyme intermediates (40-44), and our observations indicate that the
members of the amidase signature family have also evolved a similar ability. This
convergent evolution can be explained using Burgi-Dunitz theory. From an examination of
small molecule crystal structures, Birgi et al. proposed that the preferred trajectory of
nucleophilic attack on a carbonyl would follow a Nu---C=0 angle of 105 +5° (45).
Subsequent work has defined this “Biirgi-Dunitz angle” as 107° (46). Faced with this
fundamental physical property of the carbonyl bond, evolutionarily independent hydrolases
appear to have positioned water molecules in active sites so that they can follow the
trajectory defined by the Biirgi-Dunitz angle.

Disruption of the water trajectory could also contribute to our ability to obtain complexes
that are irreversible, and therefore stable enough for crystallographic studies at
stoichiometric ratios of inhibitor to protein. This is clearly the case for methyl arachidonyl
phosphonate-labeled FAAH, where the position of the methoxy moiety overlaps that of W1
in the structures presented here, preventing FAAH from effectively coordinating the
hydrolytic water.

The disruption of productive water-carbonyl interactions appears to also extend to the more
subtle cases such as those presented here, where a hydrolytic water is observed in the crystal
structure. The comparison with the serine proteases is again informative. Our FAAH-
carbamoy! covalent complex structures show an approximately 15° deviation between their
W1---C=0 angles (88-92°) and the Birgi-Dunitz angle. In previous crystal structures of
trypsin proteases complexed with good substrates, similar deviations are observed with

J Mol Biol. Author manuscript; available in PMC 2011 July 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mileni et al.

Page 8

W1---C=0 angles well below 100° (41). Indeed, even more subtle changes in active site
geometry are known to have dramatic effects on reaction rates catalyzed by a wide range of
enzymes (47).

On the basis of crystallographically observed atomic motions involved in the acylation (and
deacylation) reactions, it has been proposed by Radisky et al. that in the case of the serine
proteases the reaction coordinate is characterized by translations of the substrate’s carbonyl
carbon and the attacking nucleophile, accompanied by concerted adjustments of the
remaining residues of the catalytic triad (41). If similar motions occur in the amide
hydrolases, as exemplified by FAAH, then it would be reasonable to expect that an
additional source of inhibitor irreversibility be due to the intrinsic geometrical and chemical
differences between the a-carbon of substrates (sp3) and the secondary (URB597) or tertiary
(PF-3845) nitrogens of the planar carbamic groups. The bulkiness and rigidity of the
inhibitors may impede the movements required for the optimal trajectory for the
nucleophilic attack to occur. Further mechanistic and structural studies will be required to
establish whether, in addition to binding hydrolytic water molecules similarly placed to
those in the serine proteases, the amide hydrolases have also convergently evolved similar
protein conformational movements.

CONCLUSION

Determining the location, reactivity, and dynamics of active site water molecules is critical
for understanding the mechanisms of serine hydrolases, which depend on water for
deacylation of acyl-enzyme intermediates and catalytic turnover. Obtaining such
information requires the determination of a set of structures reflective of multiple steps in
the reaction pathway at resolutions high enough for waters to be identified unambiguously.
Despite the difficulties inherent in the iterative determination of crystal structures of a
membrane protein, we are now beginning to assemble such a representative set for FAAH.
In particular, the structures described here, and their comparison with serine protease
structures have led us to identify an active site water that we propose plays a key catalytic
role.

MATERIALS AND METHODS

FAAH Expression and Purification

A protocol for FAAH expression and purification has been described in detail previously
(25). In brief, the pET28a vector containing the transmembrane-deleted version (ATM-
FAAH, amino acids 30-579) of the humanized version of the rat FAAH gene (h/rFAAH)
was heterologously expressed in the Escherichia coli strain BL21 A.l. (Invitrogen). The h/
rFAAH construct replaces six amino acids in the active site of the rat FAAH protein
(Leul92Phe, Phel94Tyr, Ala377Thr, Ser435Asn, Ile491Val, Val495Met) in order to
recreate the binding profile of the human enzyme (25). Three chromatography steps
including metal affinity, cation exchange, and size exclusion chromatography were used to
reach a purity of greater than 95% as visualized by Coomassie blue stained SDS PAGE
experiments (not shown). Protein concentrations were determined using a reducing-agent
compatible BCA protein assay kit (Pierce Biotechnology). The inhibitors were added to the
protein sample after the first step of purification and incubated at 4°C overnight. The
inhibitor URB597 was purchased from Cayman Chemical and the inhibitor PF-3845 was
prepared as previously described (18).

J Mol Biol. Author manuscript; available in PMC 2011 July 23.
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Crystallization and Crystal Structure Determination

The protein sample was concentrated to 25-30 mg/mL in size exclusion chromatography
buffer containing 10 mM Hepes (pH 7.0), 500 mM NaCl, 2 mM dithiothreitol, and 0.08% n-
undecyl-g-D-maltoside (Anatrace) or 0.1% n-decyl-S-D-maltoside for the crystallization of
h/rFAAH-URB597and h/rFAAH-PF-3845 conjugates, respectively. Xylitol (Sigma) was
added to the protein samples at a concentration of 12%. The FAAH-URB597 protein
sample was supplemented with 1.6% benzyldimethyl(2-dodecyloxyethyl)-ammonium
chloride (Aldrich) and mixed at a 1:1 proportion with a crystallization buffer containing
(30% PEG400, 100 mM TrisHCI pH 7.5, and 100mM MgCl,). The FAAH-PF-3845 protein
sample was supplemented with 1.6% benzyl-dimethyl-dodecyl ammonium bromide
(Aldrich) and mixed at a 1:1 ratio with a crystallization buffer containing 30% PEG400, 100
mM 2-(N-morpholino)ethanesulfonate/NaOH pH 5.5, and 400mM LiCl. 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 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. Data were processed using the XDS suite of programs (48). Structures
were determined, modified and refined by using Refmac, Coot and other programs
contained in the CCP4 package (49-51). The software suite Phenix (52) was used to refine
individual atomic displacement parameters. Results from data processing and structure
refinement are provided in Table 1. The structures were determined by molecular
replacement using the coordinates from the highest resolution FAAH structure to date as a
search model (24; PDB code: 2WJ1). Chemical parameters for the inhibitors were calculated
by the Dundee PRODRG Web server (53). Figures were made using the program PyMol
(54).
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MAC: membrane access channel
ABP: acyl-chain binding pocket
CP: cytosolic port
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Figure 1.

(A) The FAAH dimer bound to URB597. A partially transparent surface in the monomer
shown on the right illustrates the location of the membrane access channel (MAC), the acyl-
chain binding pocket (ABP) and the cytosolic port (CP). (B) Proposed reaction mechanism
of FAAH, comparing irreversible acyl intermediates and substrates. The catalytic
intermediate states are indicated (SO to S4). We propose that the water molecule shown in
blue corresponds with W1 in Figure 2. The states corresponding to S3 must differ between
substrates and irreversible inhibitors such that the latter cannot proceed to S4. (C) Structures
of substrates and inhibitors of FAAH.
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Figure 2.

Structure of the catalytic core of FAAH bound to URB597 (panel A) and PF3845 (panel B).
Unbiased electron density maps were calculated with the inhibitors and two water molecules
omitted from the model. The Fo-Fc omit electron density maps have been contoured at 4.0
o. The geometry around water molecule 1 is illustrated in the right hand panels. The vector
connecting water 1 (W1) to the carbonyl carbon is shown as a red line. The W1:--C=0
angles range from 88 to 92° when measured in the four crystallographically independent
monomers in our FAAH structures.

J Mol Biol. Author manuscript; available in PMC 2011 July 23.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Mileni et al.

Page 16

M495
carbamylated O {:’

S241__
o N
o N G
0

Figure 3.

Interactions of URB597 with the active site of FAAH. (A) URB597 covalently bound in the
active site of h/rFAAH. Hydrogen bonds are indicated with dashed lines. The van der
Waal’s surface of the inhibitor is shown as a dotted surface. Protein residues that contact
URB597 are shown as sticks within transparent white spheres. (B) A schematic
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representation of URB597: FAAH interactions. Hydrogen bonds and CH-r interactions are
shown in dashed and dotted lines, respectively.
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Figure 4.

Superposition of the FAAH-URB597 and FAAH-PF-3845 structures. The FAAH-URB597
structure is shown with inhibitor carbon atoms colored yellow, and protein carbon atoms
colored green. The corresponding carbon atoms in the FAAH-PF-3845 structure are colored
orange and cyan. A shift is apparent when comparing residues 192-195.
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Figure 5.

Superposition of FAAH-URB597 with serine proteases elastase (PDB code: 1HAX), trypsin
(PDB code: 2AGE), and chymotrypsin (PDB code: 2GCT) with substrate and substrate
analogs. The serine protease structures are shown in shades of gray, with their histidine
nitrogen atoms colored blue. Atoms proposed to be deacylating waters are indicated by
small spheres. Because the amidase signature enzymes are not homologous with the serine
proteases, the proteins could not be superimposed using C,, coordinates. Instead, the serine
Cp and inhibitor ester or carbamate atoms were used for the superposition. When the
structures are compared, it is apparent that the position of Ser217 in FAAH overlaps with
those of the catalytic triad histidines in the serine proteases. The positions of the proposed
deacylating water molecules also overlap.
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Table 1
Data Collection and Refinement Statistics of FAAH Crystals.

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

FAAH-URB597

FAAH-PF-3845

X-ray source APS-GM/CA-CAT

APS-GM/CA-CAT

Crystal data

Space group P2,2,2; P2,2:29
Cell dimensions
a, b, c(A) 102.73, 105.08, 147.80  71.59, 105.32, 221.56
a=p=y (°) 90.0 90.0
Data collection
Wavelength (A) 1.03310 0.97934
Resolution (A) 30.0-2.30(2.40-2.30)  40.0-2.42(2.50-2.42)
Rsym (%) 7.0(52.0) 13.7(48.5)
1/l 10.6(2.2) 11.3(3.0)
Completeness (%) 97.6(98.5) 99.5(95.5)
No. of unique reflections 70007 64295
Redundancy 3.3(3.3) 5.9(4.1)
Refinement

Resolution (&) 2.30(2.33-2.30)

2.42(2.46-2.42)

Ruwork / Riree (%) 17.6(27.1)/21.4(30.3)  16.0(24.3)/20.0(30.3)
No. atoms 8951 9142
Protein 8450 8408
Ligand/ion 20 54
Water 481 680
Average B overall (A2) 45 29
R.m.s.d. bond length (A) 0.012 0.012
R.m.s.d. bond angle (°) 1.279 1.293
Ramachandran Plot
Core (%) 89.5 89.8
Allowed (%) 10.4 10.2
Gener. Allowed (%) 0.1 0.0
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