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ABSTRACT: Fatty acid amide hydrolase (FAAH) is an integral membrane enzyme that degrades the fatty
acid amide family of signaling lipids, including the endocannabinoid anandamide. Genetic or pharmacologi-
cal inactivation of FAAH leads to analgesic, anti-inflammatory, anxiolytic, and antidepressant phenotypes
in rodents without showing the undesirable side effects observed with direct cannabinoid receptor agonists,
indicating that FAAH may represent an attractive therapeutic target for treatment of pain, inflammation,
and other central nervous system disorders. However, the FAAH inhibitors reported to date lack drug-
like pharmacokinetic properties and/or selectivity. Herein we describe piperidine/piperazine ureas
represented byN-phenyl-4-(quinolin-3-ylmethyl)piperidine-1-carboxamide (PF-750) andN-phenyl-4-
(quinolin-2-ylmethyl)piperazine-1-carboxamide (PF-622) as a novel mechanistic class of FAAH inhibitors.
PF-750 and PF-622 show higher in vitro potencies than previously established classes of FAAH inhibitors.
Rather unexpectedly based on the high chemical stability of the urea functional group, PF-750 and PF-
622 were found to inhibit FAAH in a time-dependent manner by covalently modifying the enzyme’s
active site serine nucleophile. Activity-based proteomic profiling revealed that PF-750 and PF-622 were
completely selective for FAAH relative to other mammalian serine hydrolases. We hypothesize that this
remarkable specificity derives, at least in part, from FAAH’s special ability to function as a C(O)-N
bond hydrolase, which distinguishes it from the vast majority of metabolic serine hydrolases in mammals
that are restricted to hydrolyzing esters and/or thioesters. The piperidine/piperazine urea may thus represent
a privileged chemical scaffold for the synthesis of FAAH inhibitors that display an unprecedented
combination of potency and selectivity for use as potential analgesic and anxiolytic/antidepressant agents.

Fatty acid amide hydrolase (FAAH1) is an integral
membrane enzyme (1, 2) that regulates the fatty acid amide
family of lipid transmitters, which includes the endogenous
cannabinoidN-arachidonyl ethanolamine (anandamide) (3),
the anti-inflammatory factorN-palmitoyl ethanolamine (PEA)
(4), the sleep-inducing substance 9(Z)-octadecenamide (olea-
mide) (5), and the satiating signalN-oleoyl ethanolamine
(OEA) (6).

FAAH inactivation by either genetic deletion of theFAAH
gene in mice (7) or by chemical inhibitors (8) leads to
elevated endogenous levels of fatty acid amides with
concomitant analgesic (9-13), anxiolytic (8), antidepressant
(14, 15), sleep-enhancing (16), and anti-inflammatory (9, 17,
18) phenotypes. Notably the behavioral phenotypes observed
in FAAH knockout (-/-) mice (7, 9) or in rodents treated
with FAAH inhibitors (8, 11-14, 18) occur in the absence
of alterations in motility, weight gain, or body temperature
that are typically observed with direct cannabinoid receptor
1 (CB1) agonists. These findings suggest that FAAH may
represent an attractive therapeutic target for treatment of pain,
inflammation, and other central nervous system (CNS)
disorders and has stimulated interest in the development of
selective inhibitors of this enzyme.

FAAH is a member of an unusual class of serine
hydrolases termed the amidase signature family (19) that
utilizes a serine-serine-lysine catalytic triad. The mecha-
nistic features of FAAH have been described in a recent
review (20). Despite its unique catalytic mechanism, FAAH
can be inhibited by several classical types of serine hydrolase
inhibitors including fluorophosphonates (21), trifluoromethyl
ketones (22), R-keto heterocycles (23, 24), and carbamates
(8), which have all been shown to exhibit high in vitro
potencies. Carbamate inhibitors, best exemplified by URB-
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597 (8), are particularly efficacious in vivo, displaying
activity in rodent models of inflammatory (12, 18) and
neuropathic pain (13) as well as anxiety and depression (8,
14, 15). However, each of the aforementioned classes of
FAAH inhibitors lacks drug-like pharmacokinetic properties
and/or selectivity (25-28). During our search for novel
FAAH inhibitors, we conducted a high-throughput screen
of the Pfizer chemical library and identified a new chemical
series of agents that share a piperidine/piperazine urea
scaffold. Improvements made to potency and drug-like
properties engendered the FAAH inhibitorsN-phenyl-4-
(quinolin-3-ylmethyl)piperidine-1-carboxamide (PF-750) and
N-phenyl-4-(quinolin-2-ylmethyl)piperazine-1-carboxam-
ide (PF-622) shown in Figure 1. Here, we report a detailed
characterization of the mechanism of inhibition and selectiv-
ity of PF-750 and PF-622 using enzyme kinetic and
functional proteomic methods. We provide direct evidence
that PF-750 and PF-622, despite their high chemical stability,
covalently inactivate FAAH via carbamylation of the en-
zyme’s catalytic serine nucleophile. PF-750 and PF-622 did
not show any detectable activity against other serine hydro-
lases in mammalian proteomes. Our findings thus promote
piperidine/piperazine ureas as a privileged molecular scaffold
for creating covalent inhibitors of FAAH that display an
unprecedented combination of potency and selectivity.

MATERIALS AND METHODS

Materials.Oleamide was purchased from Sigma. Nicoti-
namide adenine dinucleotide, reduced form (NADH), and
glutamate dehydrogenase (GDH) were from Roche Diag-
nostics. Triton X-100 and ethylenediaminetetraacetic acid
(EDTA) were obtained from Calbiochem and Biochemika,
respectively. ADP andR-ketoglutaric acid were purchased
from Amresco. URB-597 and CAY-10402 were purchased
from Cayman Chemicals (Ann Arbor, MI). Inhibitors were
stored as dry powders at RT (-20 °C for URB-597) and
dissolved in DMSO to prepare concentrated stock solutions
on the day of the experiments. Polystyrene 96-well micro-
plates were purchased from Rainin. All reagents used were
the highest quality commercially available. Mouse and
human proteomes were purchased from Pelfreeze (Rogers,
AZ) and Analytical Biological Services (Wilmington, DE),
respectively. Synthesis of a rhodamine-tagged fluorophos-
phonate (fluorophosphonate carboxytetramethylrhodamine,
FP-Rh) has previously been described (29).

Inhibitor Synthesis.OL-135 was synthesized according to
the published procedure (24). N-Phenyl-4-(quinolin-2-ylm-
ethyl)piperazine-1-carboxamide (PF-622) was synthesized
from the reductive amination of 2-quinoline-carboxaldehyde
with N-phenylpiperazine-1-carboxamide similar to that de-
scribed in the patent literature (30). MS(APCI) M + 1 )
347.15;1H NMR (400 MHz, DMSO-d6) δ ppm 2.43-2.47
(m, 4 H + DMSO) 3.44 (t,J ) 4.68 Hz, 4 H) 3.78 (s, 2 H)
6.88 (t,J ) 7.41 Hz, 1 H) 7.18 (t,J ) 7.80 Hz, 2 H) 7.40
(d, J ) 7.60 Hz, 2 H) 7.55 (t,J ) 7.02 Hz, 1 H) 7.64 (d,J
) 8.38 Hz, 1 H) 7.69 (t,J ) 7.40 Hz, 1 H) 7.92 (t,J ) 7.02
Hz, 2 H) 8.31 (d,J ) 8.39 Hz, 1 H), and 8.48 (s, 1H). [3H]-
PF-622A was prepared by treating PF-622 with 1.1 Ci
carrier-free tritium gas in the presence of Crabtree’s catalyst
(Ir[(COD)(PCy3)(Py)]PF6) in CH2Cl2. [3H]PF-622B was
prepared by reducingN-(4-bromophenyl)-4-(quinolin-2-yl-
methyl)piperazine-1-carboxamide with 1.1 Ci carrier-free
tritium gas in the presence of Pd(PPh3)4 in DMF. The details
of these selective tritiations will be described in a separate
publication.

Synthesis of N-Phenyl-4-(quinolin-3-ylmethyl)piperidine-
1-carboxamide (PF-750). (Methyl)triphenylphosphonium
bromide (2.69 g, 7.52 mmol) was suspended in THF (15
mL) at 0 °C and then treated withn-BuLi (2 M in
cyclohexane, 3.64 mL, 7.28 mmol) to generate a yellow
suspension. After stirring for 45 min,tert-butyl 4-oxopip-
eridine-1-carboxylate (1.00 g, 5.02 mmol) in THF (3 mL)
was added slowly. After 15 h, the reaction was quenched
with H2O and extracted with heptane (three times). The
solution was dried over magnesium sulfate and then filtered
through a pad of SiO2, which was washed with heptane. The
filtrates were concentrated to providetert-butyl 4-methyl-
enepiperidine-1-carboxylate (637 mg, 3.23 mmol, 64%). The
colorless oil was used without further purification.

tert-Butyl 4-methylenepiperidine-1-carboxylate (19.75 g,
100.1 mmol) in THF (40 mL, previously degassed by
bubbling with nitrogen for 30 min) was treated with 9-BBN
(0.5 M in THF, 200 mL, 100 mmol) and heated to reflux
for 1 h. After cooling, the reaction mixture was treated with
3-bromoquinoline (22.91 g, 110 mmol) and Pd(PPh3)4 (1.735
g, 1.502 mmol). After 15 min, potassium carbonate (20.8 g,
150 mmol) was added and the mixture was heated to reflux.
After 3 h, additional THF was added (50 mL) and the
reaction mixture was heated an additional 1 h. The reaction
mixture was cooled and stirred an additional 16 h. After
partitioning between ethyl acetate and 10% aq NaOH the
organic layer was separated and the aqueous layer extracted
again with EtOAc. The combined organic layers were dried
over sodium sulfate, filtered, and concentrated. The crude
material was purified by flash chromatography on silica (80:
20 hexanes:EtOAc to 60:40 hexanes:EtOAc) to afford 13.6
g (42%) of tert-butyl 4-(quinolin-3-ylmethyl)piperidine-1-
carboxylate.1H NMR (400 MHz, DMSO-d6) δ ppm 1.06
(qd, J ) 12.28, 4.29 Hz, 2 H) 1.35 (s, 9 H) 1.55 (d,J )
12.48 Hz, 2 H) 1.70-1.85 (m, 1 H) 2.70 (d,J ) 7.21 Hz, 2
H) 3.89 (d,J ) 12.67 Hz, 2 H) 7.56 (ddd,J ) 8.09, 6.92,
1.36 Hz, 1 H) 7.67 (ddd,J ) 8.43, 6.87, 1.46 Hz, 1 H) 7.89
(dd, J ) 8.09, 1.27 Hz, 1 H) 7.96 (d,J ) 8.38 Hz, 1 H)
8.10 (d,J ) 1.95 Hz, 1 H) 8.74 (d,J ) 2.14 Hz, 1 H).

tert-Butyl 4-(quinolin-3-ylmethyl)piperidine-1-carboxylate
(13.2 g, 40.4 mmol) in dichloromethane (60 mL) was treated
with trifluoroacetic acid (30 mL) and stirred at ambient

FIGURE 1: Structures of various FAAH inhibitors.
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temperature for 2 h. Toluene was added, and the reaction
mixture was concentrated. The residue was partitioned
between dichloromethane and saturated aqueous sodium
carbonate. The organic layer was washed again with saturated
aqueous sodium carbonate, dried over sodium sulfate,
filtered, and concentrated to give the deprotected piperidine
(9.6 g). All of the deprotected material was dissolved in
dichloromethane:toluene (1:1, 50 mL) and treated with
phenylisocyanate (1.85 g, 15.6 mmol) followed by triethy-
lamine (0.49 mL, 3.54 mmol). The reaction mixture was
stirred 72 h and treated with saturated aqueous sodium
bicarbonate. The mixture was partitioned between ethyl
acetate and water. The organic layer was separated, dried
over sodium sulfate, filtered, and concentrated. Flash chro-
matography on silica (dichloromethane to 95:5 dichlo-
romethane:EtOH containing 11% saturated aqueous ammo-
nium hydroxide) afforded 2.35 g ofN-phenyl-4-(quinolin-
3-ylmethyl)piperidine-1-carboxamide (PF-750) as a white
solid. A significant amount of mixed fractions was rechro-
matographed to afford an additional 0.965 g of PF-750,
resulting in a total yield of 3.315 g (68%). MS(APCI) M+
1 ) 346.3;1H NMR (400 MHz, chloroform-d) δ ppm 1.31
(ddd, J ) 12.64, 12.37, 4.20 Hz, 2 H) 1.73 (d,J ) 12.69
Hz, 2 H) 1.78-1.92 (m, 1 H) 2.75 (d,J ) 7.22 Hz, 2 H)
2.81 (td,J ) 12.88, 2.73 Hz, 2 H) 4.07 (dt,J ) 13.42, 2.07
Hz, 2 H) 6.44 (s, 1 H) 6.96-7.04 (m, 1 H) 7.22-7.29 (m,
2 H) 7.30-7.36 (m, 2 H) 7.54 (ddd,J ) 8.10, 6.93, 1.17
Hz, 1 H) 7.67 (ddd,J ) 8.39, 6.93, 1.46 Hz, 1 H) 7.77 (dd,
J ) 8.10, 1.27 Hz, 1 H) 7.89 (d,J ) 1.95 Hz, 1 H) 8.09 (d,
J ) 8.20 Hz, 1 H) 8.75 (d,J ) 2.15 Hz, 1 H).

Human FAAH (hFAAH).Recombinant truncated hFAAH
encoding amino acid residues 32-579 was expressed inE.
coli strain BL21-AI (Invitrogen) as NH2-terminal His6-tag
fusion protein. The NH2-terminal amino acid residues 1-31
constitute a predicted transmembrane domain, and this
deletion greatly enhanced expression and purification similar
to those shown for rat FAAH (31). Further details of hFAAH
expression and purification procedures will be described
elsewhere. Purified hFAAH used in the present study had a
greater than 95% purity based on SDS-PAGE visualized by
Coomassie Blue staining. Protein concentration was deter-
mined using the BCA protein assay kit (Pierce, Rockford,
IL) with bovine albumin serum as standards.

FAAH Assay.FAAH activity was measured by following
the production of ammonia generated from the hydrolysis
of oleamide by FAAH. GDH catalyzes the condensation of
ammonia andR-ketoglutarate to glutamate with a concomi-
tant conversion of NADH to nicotinamide adenine dinucle-
otide, oxidized form (NAD+), which is spectrophotometri-
cally measured at 340 nm as described (32, 33). The assay
mixture (200µL) contained 50 mM NaPi, pH 7.4, 50µM
oleamide, 150µM NADH, 3 mM R-ketoglutarate, 2 mM
ADP, 1 mM EDTA, 7.5 unit/mL GDH, 0.1% Triton X-100,
and the indicated amounts of hFAAH.

Determination of IC50 Values.The reactions were carried
out in 96-well clear polystyrene plates in a total volume of
200 µL. To a reaction mixture (140µL) containing NaPi,
pH 7.4, NADH,R-ketoglutarate, ADP, EDTA, and GDH to
final concentrations of 50 mM, 150µM, 3 mM, 2 mM, 1
mM, and 7.5 unit/mL, respectively, was added 20µL of
compounds dissolved in 50% DMSO (20µL of 50% DMSO
for controls). After the resulting mixture was mixed in a plate

vortex, 20µL of hFAAH (370 ng) in 20 mM NaPi, pH 7.8/
1% Triton X-100, was added and mixed. After this mixture
was preincubated at RT for the indicated period of time the
reaction was initiated by addition of 20µL of 500 µM
oleamide dissolved in 25% DMSO and 75% EtOH. The final
concentrations of DMSO and EtOH were each 7.5%, which
have no effect on FAAH and GDH activities (data not
shown). The reactions were incubated at 30°C, and the
absorbance at 340 nm was collected over a period of 30 min
with readings taken in 10-s intervals using a SpectraMax
Microplate Spectrophotometer (Molecular Devices, Palo
Alto, CA) equipped with Softmax Pro software (Molecular
Devices, Palo Alto, CA). A background rate determined for
samples containing no hFAAH was subtracted from all
reactions to calculate the initial rates. Initial rates were plotted
as percentage of inhibition relative to uninhibited control
reactions versus inhibitor concentration.

ReVersibility Studies.The reversibility of hFAAH inactiva-
tion by inhibitors was assessed by rapid dilution. In a total
volume of 50µL, human FAAH (5.3µg) was incubated at
RT for 1 h with inhibitors (or DMSO for controls) at
concentrations of approximately 20-fold greater than their
IC50 values with 5 min preincubation (Table 1). Immediately
after an aliquot (5µL) of the enzyme-inhibitor mixture was
diluted 300-fold into the FAAH assay mixture, 200µL of
the diluted reaction mixture was placed in the wells of the
microplates. The reaction mixture was incubated at 30°C,
and absorbance changes were measured over a period of 50
min using a microplate reader as described under FAAH
Assay.

Incorporation of [3H]PF-622 into hFAAH. Reaction
mixtures contained 50 mM NaPi, pH 7.4, 50 mM NaCl, 0.1%
Triton X-100, 10µM [3H]PF-622 (7700 Ci/mol), and 1.6
µg of hFAAH. For background (nonspecific binding),
hFAAH was denatured by heating at 85°C for 10 min before
addition of [3H]PF-622. After incubating the mixtures for 5
h at RT, 400µL of cold acetone was added, and the final
mixture was placed on ice for 20 min and kept at-80 °C
overnight. The mixtures were centrifuged at 10 000g at 4
°C for 30 min, and the resulting pellets were washed three
times with 1.5 mL of ice-cold acetone and allowed to dry at
RT for 2 h. The pellets were resuspended in the SDS-PAGE
loading buffer, heated at 70°C for 10 min, and subjected to
SDS-PAGE (10% Bis-Tris gel with SDS-MOPS running
buffer, Novex). Gels were fixed for 30 min in 25% methanol
and 10% acetic acid, soaked in Amplify Fluorographic
Reagent (Amersham) for 30 min, and vacuum dried. Dried
gels were exposed for approximately 65 h at-80 °C to

Table 1: IC50 Values of FAAH Inhibitors with Various
Preincubation Timesa

IC50 (µM)

preincubation
time (min) OL-135 URB-597 PF-750 PF-622

5 0.297 0.986 0.595 0.991
15 0.208 0.856 0.248 0.687
30 0.252 0.572 0.0519 0.473
60 0.230 0.109 0.0162 0.0330

a Initial rates were determined using a microplate reader as described
under Materials and Methods. The concentrations of inhibitors were
varied from 0.0048 to 10µM. IC50 values were determined as described
in the Figure 2 legend.
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hyperfilm-MP preflashed with Sensitize (Amersham) using
a Transcreen LE intensifying screen (Kodak). For quantitative
analysis, the above pellets were resuspended in 20µL of
2% SDS, incubated at 70°C for 10 min, and transferred to
vials for counting. MicroScint-20 scintillation fluid (1 mL,
Perkin-Elmer) was added to the vials, which were counted
for 2 min.

Mass Spectrometry (MS) Analysis of CoValent Labeling
Site of hFAAH by PF-750 and PF-622.Reaction mixtures
in a final volume of 75µL contained 10 mM Hepes, pH
7.4, 0.1% Triton X-100, 12µg hFAAH, and 10µM PF-622
or PF-750 (or DMSO for controls). The final concentration
of DMSO was kept at 1%. After incubating the mixtures at
RT for 6 h, the 5× SDS-PAGE sample buffer was added to
20 µL aliquots, and the resulting samples were subjected to
SDS-PAGE. After visualizing FAAH bands by Coomassie
Blue staining, the bands were excised, reduced with DTT,
alkylated with iodoacetic acid, and digested with trypsin at
37 °C overnight according to established procedures (34).
The tryptic peptides were extracted from the excised gel
bands by 5% formic acid (20µL) and desalted by C18ZipTip
(Millipore). The final 2µL elution by 50% (v/v) acetonitrile/
water with 1% trifluoroacetic acid (TFA) was analyzed by
MALDI-TOF MS and MS/MS on the 4700 TOF/TOF
Proteomic Analyzer (Framingham, MA) with 1:2R-cyano-
4-hydroxycinnamic acid:sample (1µL total volume spotted).
MS data were searched against the Swiss-Prot and NCBI
non-redundant protein databases using the Mascot search
engine software (35).

In Vitro Proteome SelectiVity Profiling. Tissues were
processed to isolate membrane and soluble proteomes as
previously described (36). Briefly, mouse and human tissues
were Dounce-homogenized in the lysis buffer containing 20
mM HEPES, pH 7.5, and 20% sucrose followed by a low-
speed spin (1400g, 3 min) to remove debris. The supernatant
was then subjected to centrifugation at 145 000g for 45 min
to provide the soluble fraction in the supernatant and the
membrane fraction as a pellet that was washed and resus-
pended in the lysis buffer by sonication. Total protein
concentration in each fraction was determined using a protein
assay kit (Bio-Rad, Hercules, CA). Samples were stored at
-80 °C until use.

Inhibitor selectivity was examined using competitive
activity-based protein profiling (ABPP) as described previ-
ously (37). Briefly, soluble and membrane proteomes (5 mg/
mL) were incubated at RT for 1 h with either inhibitors (PF-
750 at 500µM; URB-597, OL-135, and CAY-10402 at 100
µM) or DMSO in a final volume of 18µL. This was followed
by overnight incubation (typically 18 h) at 4°C. Proteomes
were then labeled with 5µM FP-Rh for 20 min in a final
volume of 20µL. The reactions were quenched with an equal
volume of 2× SDS-PAGE loading buffer, loaded into 96-
well 10.5% SDS-PAGE gels, and subjected to electrophoresis
for 105 min at 600 V. All liquid handling steps including
gel loading were carried out robotically on the Tecan Genesis
Freedom 200 (Ma¨nnedorf, Switzerland). After electrophoresis
the gels were scanned on an FMBio II flatbed fluorescence
scanner (MiraiBio, San Francisco, CA) using a 605 nm band
pass filter for detecting rhodamine fluorescence. The scanned
gel images were analyzed with a lane-finding algorithm,
resulting in generation of lane traces of the rhodamine-labeled
proteins for each of the 96 lanes of the gel (molecular weight

versus fluorescence intensity). The details of this lane-finding
algorithm will be published elsewhere. For each proteome,
lane traces of samples containing inhibitor were compared
to DMSO control lanes. Gel bands in the inhibitor-treated
samples whose fluorescence decreased by more than 50%
relative to the corresponding gel band in the control sample
were considered inhibited.

MS of Probe-Labeled Peptides. Preparation of samples for
mass spectrometry has been previously described (38):
Briefly, duplicate samples were incubated with inhibitors (or
DMSO for controls) and then labeled with FP-Rh as
described above (29). Samples were denatured with urea,
reduced with DTT, alkylated with iodoacetamide, and gel-
filtered in 10 mL of Econo-Pac 10DG columns (BioRad) to
remove excess reagents and exchange the buffer. The gel-
filtered samples were digested with trypsin, and the probe-
labeled peptides were captured with rhodamine antibodies.
The captured peptides were eluted by 50% CH3CN/water
with 0.1% TFA.

Samples were analyzed by LC-MS/MS on LCQ Deca XP
ion trap mass spectrometers (Thermo Finnigan, San Jose,
CA) as described previously (38, 39). Data were searched
using the Sequest algorithm (40) against the UniRef100
database with searching and scoring modifications described
previously (38, 39). An automated program generated at
ActivX was used to identify inhibited peptides by comparing
the intensities of parent ion peptides in samples containing
inhibitor to control samples (39). Approximate IC50 values
were determined for the inhibited peptides by plotting the
percentage inhibition versus the inhibitor concentration and
fitting the points to the Hill equation.

In ViVo Proteome SelectiVity Profiling. A mix of male and
female C57BL/6 mice with weights between 18 and 25 g
and ages between 6 and 15 weeks were used. Mice were
given intraperitoneal (i.p.) injections of 0, 10, or 30 mg/kg
URB597 or 0, 10, or 30 mg/kg PF-750 (in vehicle 18:1:1
saline:emulphor:EtOH). The 0 mg/kg injections consisted
solely of vehicle. One male mouse was used for each 30
mg/kg injection as well as one vehicle control. After 1 h,
the mice were sacrificed by CO2 asphyxiation and relevant
tissues were flash frozen (liquid N2) immediately upon
removal. Tissues were processed to isolate membrane and
cytosolic proteomes as described in In Vitro Proteome
Selectivity Profiling, except that 10 mM sodium/potassium
phosphate buffer (pH 8) (PB) was used as the lysis buffer
instead.

Soluble and membrane proteomes of mouse tissues were
diluted to 1 mg/mL in PB buffer and reacted with a
rhodamine-tagged fluorophosphonate ABPP probe (FP-Rh)
(29) at a final concentration of 1µM in a total reaction
volume of 50µL. Reactions were quenched after 1 h with
one volume 2× SDS loading buffer (reducing with protease
inhibitor), run on SDS-PAGE, and visualized using an
Hitachi FMBio IIe flatbed laser-induced fluorescence scanner
(MiraiBio, Alameda, CA), as described previously (27, 37)

RESULTS

Inhibition of hFAAH by PF-750 and PF-622 is Time
Dependent.As an initial step to characterize the mechanism
of action of the urea inhibitors PF-750 and PF-622, their
IC50 values were measured following variable preincubation
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times. hFAAH was preincubated with inhibitors for 5, 15,
30, and 60 min before initiating the reaction by addition of
the FAAH substrate oleamide. OL-135 and URB-597, known
reversible and irreversible inhibitors of FAAH, respectively,
were also included in this experiment for comparison. PF-
750 exhibited a dramatic elevation in potency as the
preincubation time increased (Figure 2); PF-750 inhibited
hFAAH approximately 2.4-, 11-, and 37-fold more potently
with 15-, 30-, and 60-min preincubation time, respectively,
compared to its potency with a 5-min preincubation time
(Table 1). A similar time-dependent inhibition was observed
for PF-622 (Table 1). URB-597 also showed a time-
dependent inhibition with a lower potency increase of 9.0-
fold over the preincubation time course (Table 1). In contrast,
OL-135 did not change its potency regardless of the
preincubation time (Figure 2 and Table 1).

ReVersibility Studies of the Urea Inhibitors (Rapid Dilu-
tion). To assess whether PF-750 and PF-622 acted as
reversible or irreversible inhibitors, a rapid dilution experi-
ment was carried out. hFAAH was incubated with inhibitors
(or DMSO as a control) at concentrations approximately 20-
fold higher than their IC50 values obtained with 5-min
preincubation; under these conditions, hFAAH is expected
to be completely inhibited. After incubation for 1 h at RT,
the mixture was rapidly diluted 300-fold with buffer contain-
ing substrate oleamide and the recovery of FAAH activity
was measured. In this assay, inhibition by OL-135 was
rapidly reversible and the recovered activity was indistin-
guishable from the control reaction preincubated with DMSO
(Figure 3). In contrast, enzyme preincubated with PF-750
and PF-622 did not recover activity. Even after 50 min,
FAAH activity was similar to that observed in completely
inhibited samples. A similar negligible recovery of FAAH
activity was also observed with URB-597, a known irrevers-
ible inhibitor (27) (Figure 3). These data combined with the
time-dependent inhibition shown above for PF-750 and PF-
622 indicated two possible modes of inhibition: (i) slowly
reversible time-dependent inhibition which involves a tight-
ening of EI to form EI* (Scheme 1) or (ii) covalent
irreversible inhibition (Scheme 1 wherek4 is zero).

Determination of CoValent Bond Formation between Urea
Inhibitors and hFAAH.In order to clarify the inhibition mode
of PF-750 and PF-622, we next carried out experiments to

directly test whether PF-750 and PF-622 covalently modified
hFAAH. Examining the structures of PF-750 and PF-622
for their potential covalent irreversible inhibition, there are
two possible leaving groups generated from nucleophilic
attack by the Ser241 residue as shown in Scheme 2. In order
to differentiate the distinct carbamylation adducts with
Ser241, we prepared PF-622 with tritium labeling in two
different places. In [3H]PF-622A the tritium was incorporated
into the piperazine ring, and in [3H]PF-622B the tritium was
incorporated into the aniline moiety (Figure 4A). [3H]PF-
622A and [3H]PF-622B were then incubated with hFAAH,
and excess unincorporated inhibitor was eliminated by
removing the supernatant following cold acetone precipita-

FIGURE 2: FAAH inhibition by PF-622 and PF-750 is time-dependent. Initial rates were determined using a microplate reader as described
under Materials and Methods. The concentrations of OL-135 and PF-750 were varied from 0.048 to 10µM. Three separate experiments
were performed with similar results, and one experiment has been represented. The data were plotted as percentage of inhibition versus
inhibitor concentration and fit to the equation,y ) 100/1+ (x/IC50)z, using KaleidaGraph (Synergy Software, Reading, PA), where IC50 is
the inhibitor concentration at 50% inhibition andz is the Hill slope (the slope of the curve at its inflection point).

FIGURE 3: Reversibility of FAAH inactivation by FAAH inhibitors.
hFAAH was incubated with FAAH inhibitors (or DMSO for
controls) at concentrations of approximately 20-fold greater than
their IC50 values with a 5 min preincubation time shown in Table
1. Aliquots of the enzyme-inhibitor mixture were diluted 300-
fold into the FAAH assay mixture as described under FAAH assay
in Materials and Methods, and 200µL of the diluted reaction
mixture was placed in the wells of the microplates. The reversibility
of FAAH inactivation by PF-750 (2), PF-622 (4), URB-597 (0),
and OL-135 (b) was assessed by incubating the mixture at 30°C,
and absorbance changes were measured over a period of 50 min.
DMSO controls are also shown (O) (n ) 4).

Scheme 1
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tion. hFAAH in the precipitates was then resuspended by
heating in SDS-PAGE loading buffer. To determine non-
specific binding of [3H]PF-622A/B to hFAAH, hFAAH was
first denatured by heating at 85°C for 10 min and then
incubated with [3H]PF-622A/B. Aliquots from each sample
were subjected to scintillation counting, SDS-PAGE analysis,
and autoradiography. As shown in Figure 4B, autoradiog-
raphy identified a radioactive FAAH band at∼62 kDa with
[3H]PF-622A but not [3H]PF-622B, indicating that the
piperazine-containing moiety of PF-622 was covalently
incorporated into hFAAH by pathway A in Scheme 2. By
scintillation counting, samples treated with [3H]PF-622A
showed a signal of 48 000 dpm, which was much higher
than signals observed in samples treated with [3H]PF-622B
or denatured FAAH samples (∼5000 dpm each).

In order to determine the fragment of urea inhibitors
covalently attached to hFAAH, purified recombinant enzyme
was treated with PF-750 or PF-622 for 1 h and then subjected

to tryptic digestion, SDS-PAGE, and MALDI-TOF MS
analysis. In both cases, new mass signals were observed with
the inhibitor-treated samples compared to DMSO-treated
controls. The inhibitor-modified peptides corresponded to
masses of the tryptic peptide containing the Ser241 nucleo-
phile (amino acids 213-243) adducted to the C(O)-piper-
azinyl moiety of PF-622 (calculated MH+ ) 2924. 46,
observed MH+ ) 2924.53) (Figure 5B) and PF-750 (calcu-
lated MH+ ) 2923. 47, observed MH+ ) 2923.53) (mass
spectrum for PF-750 not shown). DMSO-treated controls
exclusively showed mass signals for the unmodified Ser241-
containing tryptic peptide (calculated MH+ ) 2670.33,
observed MH+ ) 2670.43) (Figure 5A). No signal was
detected for the C(O)-NHPh modification of FAAH in either
PF-750- and PF-622-treated samples. These data indicate that
the binding orientation of the urea inhibitors places the aniline
moiety in the cytoplasmic access channel and the piperazine/
piperidine portion of the molecule in the acyl chain binding
channel of the FAAH active site. Thus, the aniline group
serves as the leaving groups similar to the ethanolamine
moiety of anandamide or the aryloxy substituents of URB-
597 and related carbamate inhibitors (27).

SelectiVity of FAAH Inhibitors in Human and Mouse
Proteomes.To assess the selectivity of the piperidine/
piperazine urea series, PF-750 was profiled by competitive
ABPP at 500µM in a number of different proteomes derived
from mouse and human sources. Competitive ABPP involves
the coordinated application of a candidate inhibitor and a
reporter-tagged fluorophosphonate (FP) probe (25), which
serves as a general activity-based profiling tool for the serine
hydrolase superfamily (29, 41). Serine hydrolases that show
significant reductions in probe labeling intensity in the
presence of inhibitor are scored as targets of the compound.
In this way, competitive ABPP provides a global view of
the proteome-wide selectivity of serine hydrolase inhibitors.
The selectivity of PF-750 was compared to those of several
other FAAH inhibitors including URB-597, OL-135, and
CAY-10402, which were profiled at 100µM. Representative
gel images of soluble proteomes of mouse liver, human liver,
and human testis are shown in Figure 6. Consistent with
previous reports of multiple serine hydrolase targets for URB-
597, OL-135, and CAY-10402 (25, 26, 28), we also observed
multiple off targets for these inhibitors, particularly among
FP-labeled proteins migrating between 55 and 65 kDa. In
contrast, no off targets were observed for PF-750 tested at
500 µM. Importantly, under these conditions, all four

Scheme 2

FIGURE 4: Incorporation of [3H]PF-622 into hFAAH. (A, upper
panel) Structures of [3H]PF-622A/B. (A, lower panel) hFAAH was
incubated with 10µM [3H]PF-622A/B, and excess unincorporated
inhibitor was eliminated by removing supernatant following cold
acetone precipitation. hFAAH from the precipitate was resuspended
by heating in the SDS-PAGE loading buffer, and aliquots from
each sample were counted in the scintillation counter (black bars).
To measure nonspecific binding, hFAAH was first denatured by
heating and then incubated with 10µM [3H]PF-622A/B (hatched
bars) as described in Materials and Methods. (B) Aliquots from
above were also subjected to SDS-PAGE and autoradiography.
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inhibitors completely inhibited FAAH from both mouse and
human brain membranes (Figure 6D).

To verify that potential serine hydrolase targets of PF-
750 were not missed by gel analysis due to either low
abundance or comigrating proteins, mouse liver soluble
proteome was subjected to a competitive ABPP reaction
between a rhodamine-tagged FP probe and each of the
aforementioned FAAH inhibitors (PF-750 at 500µM; all
others at 100µM) or DMSO, captured with rhodamine
antibodies, and identified by MS analysis as described in
the Materials and Methods section. The parent ion intensities
of FP-labeled active site tryptic peptides for 21 serine
hydrolases were comparatively quantified in inhibitor- and
DMSO-treated samples. The resulting target selectivity
profiles are shown in Figure 7. A number of hydrolase targets
were observed for URB-597, OL-135, and CAY-10402
including carboxyesterase 1, 3, 22, and AU018778 as well
as multiple hydrolases not previously reported as targets of
FAAH inhibitors (acyl protein thioesterase, arylacetamide
deacetylase, and platelet activating factor (PAF) acetylhy-
drolase). In contrast, none of the serine hydrolases in soluble
mouse liver proteome were inhibited by PF-750 (note that
FAAH, which is an integral membrane protein, is not present

in this proteomic fraction). These higher resolution LC-MS
data thus provide further evidence that PF-750 is a highly
selective FAAH inhibitor.

Previous studies have shown that OL-135 is quite selective
for FAAH at lower concentrations (e.g.,<10 µM; 26). To
determine the selectivity of URB-597 and CAY-10402 at
lower concentrations, these inhibitors were titrated in com-
petitive ABPP assays using the soluble mouse liver proteome.
The resulting inhibition profiles for individual serine hydro-
lases at different concentrations of CAY-10402 and URB-
597 are shown together with their approximate IC50 values
in Figure 7. One of the most strongly inhibited enzymes for
all three reference inhibitors was carboxylesterase 3 (tria-
cylglycerol hydrolase) (marked with an arrow in Figure 7),
a well-known off target for FAAH inhibitors (25, 26).

Although carboxylesterases have already been reported as
off targets for URB-597 (25-28), the potency of this
inhibitor for individual carboxylesterases has not been well
characterized in native liver proteomes due to the presence
of many members of this enzyme class that comigrate by
1D SDS-PAGE. In principle, quantifying serine hydrolases
by the mass spectrometric method described herein should
provide enhanced resolution of these targets and allow

FIGURE 5: PF-622 inhibits hFAAH by carbamylation of the active site amino acid residue Ser241 nucleophile. The MS data supports
pathway A in Scheme 2. MALDI-MS mapping of a tryptic digest of purified hFAAH pretreated with (A) DMSO and (B) PF-622. A new
tryptic peptide with mass that corresponds to the amino acid 213-243 peptide that is modified by the CO-piperazinyl moiety of PF-622 is
highlighted.
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estimation of IC50 values. To address this possibility, CAY-
10402 and URB-597 were titrated into soluble mouse liver
proteome (50, 5, and 0.5µM), and following competitive
ABPP reactions, the serine hydrolase signals were quantified
by mass spectrometry. For each off target, the percentage

inhibition was plotted versus the inhibitor concentration to
calculate IC50 values. Among the inhibitors used in this study,
URB-597 has been the most extensively characterized in
terms of its interactions with the serine hydrolase proteome
with several reported IC50 values in the literature (26-28).

FIGURE 6: Selectivity profiling of FAAH inhibitors in human and mouse proteomes. Gel images of proteomes labeled with FP-Rh after
incubating with either inhibitors (PF-750 at 500µM; OL-135, CAY-10402, and URB-597 at 100µM) or DMSO for 1 h at RTfollowed
by overnight incubation at 4°C. Inhibited bands are shown with red arrows: (A) soluble mouse liver proteome, (B) soluble human liver
proteome, (C) soluble human testis proteome, (D, upper panel) mouse brain membrane proteome, and (D, lower panel) human brain membrane
proteome.

FIGURE 7: Selectivity profiling of FAAH inhibitors in mouse soluble liver proteome as determined by mass spectrometry. Soluble liver
proteomic samples either in the absence or presence of inhibitor at the indicated concentrations were prepared for mass spectrometry as
described in Materials and Methods. The serine hydrolase peptides were quantified by mass spectrometry, and the percentage inhibition at
different inhibitor concentrations are shown. Where applicable, the approximate IC50 values are included.
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These values are shown in Figure 7 with the corresponding
values for the off targets determined in this study. Overall,
the IC50 values obtained in this study were consistent with
the published values, thus validating this mass spectrometric
approach toward determining IC50 values in native proteomes.

Profiling the SelectiVity of FAAH Inhibitors in ViVo. To
confirm that the different selectivity profiles of FAAH
inhibitors determined in vitro were also observed in vivo,
we treated wild-type mice with vehicle, PF-750 (10 or 30
mg/kg, i.p.), or URB-597 (10 or 30 mg/kg, i.p.) for 1 h, after
which the animals were sacrificed and their tissues harvested
and profiled for changes in serine hydrolase activity using
FP-Rh. At each dose tested, both URB-597 and PF-750
selectively targeted FAAH in the brain (Figure 8). PF-750
showed no detectable off-target activity in peripheral tissues
(e.g., liver; Figure 8). In contrast, URB-597 was found to
block FP labeling of several liver serine hydrolases between
the molecular masses of 55 and 65 kDa (Figure 8). The extent
of blockade was dose dependent, with a nearly complete
inhibition of probe labeling being observed at the 30 mg/kg
dose of URB-597. In previous studies we have shown that
these major liver targets of URB-597 do not correspond to
FAAH but rather represent members of the carboxylesterase
family of serine hydrolases (27). These data indicate that
both URB-597 and PF-750 selectively inactivate FAAH in
the CNS, but only the latter compound does so without also
perturbing enzyme activities in peripheral tissues.

DISCUSSION

In this report, we described a novel mechanistic class of
FAAH inhibitors embodied by PF-750 and PF-622. These
inhibitors operate by a covalent, irreversible mechanism,
utilizing a piperidine/piperazine urea group as a tempered
electrophile that carbamylates FAAH’s catalytic Ser241
nucleophile. The time-dependent inhibition by PF-750 and
PF-622 combined with results showing no activity recovery
in the rapid dilution studies indicated that their mechanism

of inhibition is either slowly reversible time-dependent
inhibition or covalent irreversible inhibition (Scheme 1). We
then verified formation of covalent modification by two
different methods. First we demonstrated the covalent
labeling of FAAH by incorporation of [3H]PF-622 into the
enzyme. To differentiate between the two possible carbamy-
lation reactions with the enzyme’s Ser241 nucleophile, we
introduced tritium on either side of the urea bond of the
inhibitor, which demonstrated that the aniline portion of the
urea served as the leaving group. Second, we determined
by MALDI-MS analysis that the piperidine/piperazine moiety
of PF-750 and PF-622 is covalently attached to Ser241 in
the FAAH active site. These data indicate that the binding
orientation of the urea inhibitors may place the aniline and
piperazine/piperidine moieties in the cytoplasmic access and
acyl chain-binding channel of FAAH (42), respectively. This
type of information could be potentially used to further
enhance potencies of this chemical series as shown for the
carbamates (27). Elucidation of the irreversible mode of
action of the piperidine/piperazine ureas has prompted us to
modify the FAAH assay so that inhibitor potencies could
be measured askinact/Ki values, the details of which will be
discussed in a future publication. Unlike IC50 values,kinact/
Ki values do not change with various preincubation times
and have been described as the best measure of potencies
for irreversible inhibitors (43).

Almost 30% of the marketed drugs whose molecular
targets are enzymes act by irreversible inhibition (44). This
high percentage is rather surprising considering the strong
bias against developing irreversible inhibitors as clinical
candidates in the pharmaceutical industry. One of the main
rationales for this bias is derived from the high inherent
reactivity of functional groups generally associated with
covalent modifications of proteins. Excessively reactive
covalent modifiers can form covalent bonds with a large
number of enzymes/proteins, often within the same mecha-
nistic class (45). Compounding these concerns, there has

FIGURE 8: Profiling the in vivo selectivity of FAAH inhibitors by competitive ABPP. Mice were treated with PF-750 or URB-597 at the
indicated doses (i.p.) for 1 h and then sacrificed and tissue removed for competitive ABPP analysis with FP-rhodamine. Serine hydrolase
targets of PF-750 and URB-597 were detected by SDS-PAGE and in-gel fluorescence scanning. Note that both PF-750 and URB-597 are
highly selective for FAAH in mouse brain membrane proteomes, but the latter inhibitor targets several additional serine hydrolases in
mouse liver membrane proteome.
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historically been no direct way to evaluate the selectivity of
covalent inhibitors against a large number of enzymes in the
same class. Traditional approaches for testing selectivity have
involved setting up individual substrate-based assays with a
limited number of candidate “off target” enzymes. However,
this approach excludes the analysis of uncharacterized
enzymes due to the lack of substrate-based assays. More
recently, functional proteomic methods, such as competitive
ABPP, have emerged that enable selectivity of inhibitors to
be evaluated against numerous enzymes in parallel directly
in native cells and tissues (25, 46).

In order to extensively assess the selectivity of PF-750,
we utilized competitive ABPP to evaluate the targets of this
inhibitor in multiple human and mouse tissue proteomes.
These studies were conducted with other classes of FAAH
inhibitors that have been shown to exhibit variable degrees
of selectivity. Our data revealed that the piperidine/piperazine
ureas are highly selective FAAH inhibitors, showing no
discernible activity against other serine hydrolases in vitro
or in vivo at concentrations up to 500µM and 30 mg/kg
(i.p.), respectively. These results contrasted sharply with the
properties of other classes of FAAH inhibitors, including
URB-597, OL-135, and CAY-10402, which all targeted
multiple serine hydrolases in addition to FAAH in human
and mouse proteomes.

It is worth speculating on the origin of the remarkable
selectivity displayed by the piperidine/piperazine ureas for
FAAH relative to other members of the serine hydrolase
superfamily. Given the inherent chemical stability of the urea
bond, it was rather unexpected to find that PF-750 and PF-
622 inhibit FAAH by covalent modification. Indeed, in
contrast to carbamates, ureas require exposure to extreme
conditions such as strong acid/base with overnight reflux to
promote chemical hydrolysis. It is thus likely that the
specificity observed for piperidine/piperizine urea inhibitors
is at least partly due to their chemical stability, which might
make these agents uniquely susceptible to reaction with
FAAH, which is an amidase, and inert to the vast majority
of other serine hydrolases, which primarily accept esters/
thioesters as substrates. Literature searches yielded no other
examples of piperidine/piperzine ureas as irreversible inhibi-
tors of serine hydrolases, further underscoring the potential
novelty of the urea functional group as a mode for covalent
modification of an enzyme from this class. Interestingly,
additional reports of urea-based inhibitors of FAAH have
recently appeared in the patent literature (30, 47). The
mechanism of inhibition for these agents remains unexam-
ined, but our results would argue that they likely also act by
a covalent, irreversible mechanism.

FAAH has been shown to hydrolyze amides and esters at
equivalent rates, which distinguishes this enzyme from most
other serine hydrolases that prefer the latter class of substrates
(48). This unusual feature appears to be due, at least in part,

to the serine-serine-lysine catalytic triad in the FAAH
active site, with the catalytic lysine (Lys142) functioning as
both a base involved in the activation of the Ser241
nucleophile and an acid that participates in the protonation
of the substrate leaving group (49) (Scheme 3). Therefore,
nucleophilic attack and leaving-group protonation occur in
a coordinated manner. This in part explains why amides are
good substrates for FAAH, but it cannot completely rational-
ize why the ureas described in this manuscript are able to
act as “suicide substrates” or irreversible inhibitors. An
additional activation step must take place upon binding in
the FAAH active site, which renders the reactivity of the
urea similar to that of an amide. We hypothesize that catalysis
of the acylation reaction could also be partially derived from
a binding-induced conformational change in the piperidine/
piperazine urea that diminishes conjugation of the nitrogen
lone pair with the carbonyl, which activates the urea toward
nucleophile attack (50) as shown in Scheme 3. If this binding-
induced activation of the urea is FAAH specific, it could
also help explain the remarkable selectivity of these ureas
as inhibitors for this enzyme.
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