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Fatty acid amide hydrolase inhibitors display broad selectivity
and inhibit multiple carboxylesterases as off-targets
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Abstract

Fatty acid amide hydrolase (FAAH) is the primary regulator of several bioactive lipid amides including anandamide. Inhibitors of FAAH are
potentially useful for the treatment of pain, anxiety, depression, and other nervous system disorders. However, FAAH inhibitors must display
selectivity for this enzyme relative to the numerous other serine hydrolases present in the human proteome in order to be therapeutically
acceptable. Here we employed activity-based protein profiling (ABPP) to assess the selectivity of FAAH inhibitors in multiple rat and human
tissues. We discovered that some inhibitors, including carbamate compounds SA-47 and SA-72, and AM404 are exceptionally selective while
others, like URB597, BMS-1, OL-135, and LY2077855 are less selective, displaying multiple off-targets. Since proteins around 60 kDa consti-
tute the major off-targets for URB597 and several other FAAH inhibitors with different chemical structures, we employed the multi-dimensional
protein identification technology (MudPIT) approach to analyze their identities. We identified multiple carboxylesterase isozymes as bona fide
off-targets of FAAH inhibitors. Consistently, enzymatic assay confirmed inhibition of carboxylesterase activities in rat liver by FAAH inhibitors.
Since carboxylesterases hydrolyze a variety of ester-containing drugs and prodrugs, we speculate that certain FAAH inhibitors, by inhibiting
carboxylesterases, might have drugedrug interactions with other medicines if developed as therapeutic agents.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The endocannabinoid anandamide is a prototypical member
of endogenous fatty acid amides that serves as signaling lipid
messengers. It exerts neurobehavioral, cardiovascular, and
immune-regulatory effects by activating cannabinoid (CB1
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and CB2) and vanilloid (VR1) receptors (Di Marzo et al.,
2002). Anandamide is synthesized in a stimulus-dependent
manner and its signaling function is tightly controlled by the in-
tegral membrane enzyme fatty acid amide hydrolase (FAAH),
which rapidly hydrolyzes anandamide and several other fatty
acid amides to their corresponding acids (McKinney and
Cravatt, 2005). Targeting the endocannabinergic system by in-
hibiting FAAH is a promising novel approach for the treatment
of several nervous system disorders including pain, anxiety, and
depression, as well as inflammation and hypertension (Cravatt
and Lichtman, 2003). Mice lacking FAAH have significantly in-
creased levels of certain fatty acid amides (Cravatt et al., 2001),
including anandamide, and displayed analgesic (Cravatt et al.,
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2001), anti-inflammatory (Massa et al., 2004) and increased re-
sponsiveness to anandamide-induced hypotension and cardio-
depression (Pacher et al., 2005) phenotypes.

In addition to employing FAAH�/� mice to evaluate the
consequences of constitutive elevations in fatty acid amides,
specific FAAH inhibitors would represent a valuable comple-
mentary approach and may have therapeutic utility for the
treatment of a range of clinical disorders in both the central
nervous system and periphery. This interest has led to the dis-
closure of a number of FAAH inhibitors, including the carba-
mates URB597 (Kathuria et al., 2003) and BMS-1 (Sit and
Xie, 2002), a-ketoheterocycles OL-135 (Boger et al., 2005)
and a-KH 7 (Leung et al., 2003), and a-keto oxadiazoles
(Leung et al., 2005). Some anandamide re-uptake inhibitors,
like AM404 (Beltramo et al., 1997; Glaser et al., 2003) and
LY2077855 (Moore et al., 2005; Porter et al., 2004), also in-
hibit FAAH activity. Many of these FAAH inhibitors have
recently been shown to produce beneficial behavioral effects
in rodents. For example, URB597 produced CB1 receptor-
dependent analgesia, anxiolytic, anti-depressive and anti-
hypertensive effects (Batkai et al., 2004; Gobbi et al., 2005;
Kathuria et al., 2003), CB2-dependent anti-inflammatory effects
(Holt et al., 2005) and depressed alcohol-induced addiction
(Perra et al., 2005). OL-135 and BMS-1 also had analgesic
effects (Chang et al., 2006; Lichtman et al., 2004; Sit and Xie,
2002). AM404 produced antinociceptive (Beltramo et al.,
1997) and hypotensive (Calignano et al., 1997) effects.

FAAH, a serine hydrolase, catalyzes the hydrolysis of its
substrates using a highly conserved serine residue in its active
site as the catalytic nucleophile. Many of the identified
FAAH inhibitors, by possessing mechanism-dependent binding
groups, exert their inhibitory effects by binding and modifying
the catalytic serine residue, raising concerns that these agents
may also inhibit other serine hydrolases. Therefore, evaluating
the activity of FAAH inhibitors on other serine hydrolases is
critical to define therapeutic potential of these agents.

However, determining the selectivity of FAAH inhibitors is
a significant challenge, considering the immense size of the ser-
ine hydrolase superfamily, with more than 200 members in the
human proteome. To address this problem, a proteomic strategy
known as activity-based protein profiling (ABPP) was disclosed
that permits the simultaneous assessment of all relevant compet-
itive enzymes in a complex proteome (Leung et al., 2003).
This approach involves preincubation of cell or tissue
proteomes with FAAH inhibitors followed by addition of
fluorophosphonate-based probes that were proved to react
only with the catalytic serine in the enzymatic active site in an
activity-dependent manner (Liu et al., 1999) and bear a reporter
group (rhodamine, and biotin). The profile of proteins labeled
by the reporter group is then visualized by gel electrophoresis.
FAAH and off-target enzymes that are modified by inhibitors
are incapable of reacting, or show reduced ability to react,
with these probes, if they interfere with or compete for the
same site, and this event can be detected by a reduction in signal
intensity from the reporter group. The ABPP approach has been
successfully employed to address the selectivity of several
FAAH inhibitors (Leung et al., 2003; Lichtman et al., 2004).
More recently, multi-dimensional protein identification tech-
nologies (MudPITs) were employed to analyze the identities
of potential target enzymes identified by the ABPP approach
(Jessani et al., 2005). This combined ABPPeMudPIT technol-
ogy allows a streamlined platform for high-content functional
proteomic analysis.

In this report, we studied the selectivity of representative
FAAH inhibitors to proteomes prepared from rat and human
tissues. We identified multiple carboxylesterase isozymes as
off-targets for URB597 and several other FAAH inhibitors.
Considering that many carboxylesterases hydrolyze a variety
of ester-containing drugs and prodrugs (Satoh and Hosokawa,
1998), we speculate that certain FAAH inhibitors might have
drugedrug interactions if developed as therapeutic agents.

2. Material and methods

2.1. Chemicals

All chemicals were purchased from Aldrich Chemical Co. unless other-

wise noted. Preparative RP-HPLC was performed on a Gilson Preparative

system with a Waters radial compression Deltapak C18 column

(25� 200 mm) with a linear gradient of 5e80% acetonitrile in 0.1% TFA-

water. Low-resolution mass spectra were obtained with a Finnigan SSQ7000

single quad mass spectrometer. Proton nuclear magnetic resonance (1H

NMR) spectra were recorded at 300 MHz (Varian Mercury 300). Chemical

shifts are reported in ppm (d) and coupling constants (J ) are reported in hertz.

The fluorophosphonate-tetraethyleneglycol-tetramethyl rhodamine (FP-

peg-TMR) and fluorophosphonate-tetraethyleneglycol-biotin (FP-peg-biotin)

used as probes for ABPP were prepared by modifying the procedure described

in the literature (Kidd et al., 2001; Patricelli et al., 2001). Briefly, t-butyl-

dimethyl-silyl chloride was replaced with t-butyl-diphenyl-silyl chloride to

improve the yield of reactions and to ease the monitoring of reaction status.

The purification of intermediates was carried in less polar systems (dichloro-

methaneemethanol system was replaced with dichloromethaneeacetone

system) to improve the quality of material. The full experimental procedure

is provided as Supplemental data.

URB597 (cyclohexyl-carbamic acid 30-carbamoyl-biphenyl-3-yl ester),

BMS-1 ([6-(2-methyl-4, 5-diphenyl-imidazol-1-yl)-hexyl]-carbamic acid 2-

fluoro-phenyl ester), a-KH 7 ((Z )-1-(5-pyridin-2-yl-oxazol-2-yl)-octadec-9-

en-1-one), SA-47 ([2-(60-methyl-3,4,5,6-tetrahydro-2H-[1,20]bipyridinyl-4-

yl)-ethyl]-carbamic acid methylcarbamoylmethyl ester), SA-72 ({3-[5-

(6-methoxy-naphthalen-1-yl)-[1,3]dioxan-2-yl]-propyl}-carbamic acid carba-

moylmethyl ester), and OL-135 (7-phenyl-1-(5-pyridin-2-yl-oxazol-2-yl)-

heptan-1-one) were prepared essentially as described in the literature

(Abouabdellah et al., 2005, 2006; Boger, 2004; Boger et al., 2005; Mor et al.,

2004; Sit and Xie, 2002). AM404 (N-(4-hydroxyphenyl)-5Z,8Z,11Z,14Z-

eicosatetrenamide) was purchased from Cayman Chemical, MI.

LY2077855 (5-(4-fluorobenzyl)-N,N-dimethyl-1H-tetrazole-1-carboxa-

mide) was prepared according to the following procedure: 5-(40-fluoroben-

zyl)-1,2,3,4-tetrazole (5.0 g, 28.0 mmol) was dissolved in dichloromethane

(100 mL), followed by N-ethyl-N,N-diisopropylamine (7.7 mL, 44.2 mmol).

The mixture was then cooled to 0 �C with an ice-water bath. Dimethylcar-

bamyl chloride (4.0 mL, 43.6 mmol) was added drop-wise. The reaction

mixture was then allowed to warm up gradually overnight and quenched

with K2CO3 (saturated). The organic layer was separated, and solvent removed

under reduced pressure. The residue mixture was purified using HPLC (0.1%

TFA) to give 820 mg (12%) desired product. 1H NMR (CD3OD, 300 MHz):

d¼ 7.32 ppm (m, 2H), 7.07 (m, 2H), 4.41 (s, 2H), 3.09 (s, 3H), 2.77 (s,

3H). MS (CI, Mþ 1): 250.0.

2.2. Cloning

To clone rat carboxylesterases X51974 (TGH, and ES10), NM_031565

(ES3), NM_133586 (ES2), NM_144743, NM_017004, X81825 (ES4), and
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NM_001024365, the coding sequences were amplified by RT-PCR using poly

Aþ RNA from rat liver (Clontech, Palo Alto, CA) and cloned in pcDNA3.1/

V5-His TOPO expression vector (Invitrogen, Carlsbad, CA). The gene-specific

primers used in PCR amplifications are: X51974 (50-ATGCGCCTCTA

CCCTCTGGTC-30, 50-GAGCTCAACATGTTTCCAGTGG-30), NM_031565

(50-ATGTGCCTCTATGCTCTGATC-30, 50-TAGCTCAGTGTGTCCTGCAT

G-30), NM_133586 (50-ATGGCACGGAAACAACCACATAG-30, 50-CAGCT

CTGCATGGTTTTTCTGAG-30), NM_144743 (50-ATGCCTTTGGCTAGAC

TTCCTG-30, 50-CAGCTCTGCATGCTTGCTCTG-30), NM_017004 (50-ATG

TGGCTCTGTGTTCTGGTC-30, 50-TGTGTGTTCAGTGTGTTCTGTC-30),
X81825 (50-ATGTGCCTCAGCTTCCTGATC-30, 50-CAGCTCGTTGTGGTG

TGGCTG-30), and NM_001024365 (50-ATGTGCCTCAGGTCCCTGTT-30,
50-CAGCTCATTGTGGTGGGGC-30).

2.3. Transfection and cell culture

Human embryonic kidney 293T (HEK293T) cells were cultured in Dul-

becco’s modified Eagle’s medium (Invitrogen) supplemented with 10% fetal

bovine serum (Invitrogen) and 1% penicillinestreptomycin (Invitrogen) in

a humidified 5% CO2, 95% O2 incubator at 37 �C. Cells were transfected

with the expression constructs using LipofectAMINE 2000 (Invitrogen) ac-

cording to the manufacturer’s instructions.

2.4. Whole cell proteome preparation

Rat and human tissues were purchased from Pel-Freez Biologicals Inc.

(Rogers, AR) and Analytical Biological Services Inc. (Wilmington, DE), re-

spectively. Tissues were homogenized using Tissue Tearor (Biospec Products,

Bartlesville, OK) and cells were disrupted by sonication in a buffer containing

50 mM Tris pH 8.0, 320 mM sucrose, 10 mM E64, 20 mg/ml Bestatin, 1 mg/ml

Pepstatin. After centrifugation at 5000g for 10 min, the supernatant yielded the

whole cell proteomes.

2.5. Immunodepletion

To immunodeplete FAAH from cell or tissue extracts, 10 mg FAAH anti-

body (Cayman Chemical) was added to the extracts. After overnight incuba-

tion at 4 �C with gentle agitation, the immune complex was captured by

Protein A agarose beads (Invitrogen) and removed by precipitation. Proteins

in the extracts were resolved by SDS-PAGE (4e12% gel) and transferred to

PVDF membrane for immunoblot analysis of the presence of FAAH.

2.6. Proteomic profiling of the selectivity of FAAH inhibitors

The activity-based proteomic profiling of inhibitor selectivity was essen-

tially carried out as described previously (Leung et al., 2003). Briefly, pro-

teome samples (1 mg/ml) were preincubated with inhibitors for 30 min and

then mixed with 200 nM FP-peg-TMR at room temperature for 10 min. Reac-

tions were quenched by the addition of SDS-PAGE loading buffer and heated

at 70 �C for 10 min. Proteins were resolved by SDS-PAGE (4e12% gel) and

visualized in-gel using a fluorescent scanner.

The intensities of protein bands were quantitated by ImageQuant (Amer-

sham Biosciences, Piscataway, NJ). Samples treated with DMSO alone were

considered 100% activity and band intensities that were diminished by inhib-

itors were expressed as a percentage of remaining activity. Data were collected

from at least three trials at each inhibitor concentration and fit with a nonlinear

regression curve using GraphPad Prism Software (GraphPad Software Inc.,

San Diego, CA). IC50 values were calculated from the resulting dosee

response curves.

2.7. Affinity purification of proteins labeled by FP-peg-biotin

The affinity purification of FP-peg-biotin labeled proteins from whole cell

proteomes was carried out essentially as described previously (Kidd et al.,

2001) with some modifications. Briefly, endogenous biotin-containing proteins

from 1 to 3 mg tissue proteomes were precleared by incubating with 500 ml
neutravidin beads at 4 �C for 1 h. The proteomes were mixed with 4 mM

FP-peg-biotin at room temperature for 20 min. Excess probes were cleared

by passing the protein extracts over a Zeba desalt spin column (Pierce, Rock-

ford, IL). Protein extracts eluted were treated with SDS (to 0.5% w/v), heated

to 75 �C for 10 min, and then diluted threefold to bring down SDS concentra-

tion. The biotin labeled proteins were purified by incubating protein extracts

with 100 ml streptavidin beads (Pierce) overnight, resolved by SDS-PAGE,

and visualized by silver staining (Invitrogen). Protein bands of interest were

excised from the gel for further analysis of protein identity.

2.8. MudPIT analysis of protein identities

The excised protein gel bands were digested and samples were then ana-

lyzed using nano-LC/MS/MS as previously described (Zhang et al., 2006).

Each sample was loaded onto a 100 mm i.d. reverse-phase column aligned on-

line with an ion-trap mass spectrometer. Peptides were eluted off the columns

using an RP-gradient and sprayed directly into the inlet of mass spectrometer

where they were subjected to fragmentation using CID. The resulting MS/MS

spectra were interpreted using SEQUEST algorithm and data were generated

using DTASelect/Contrast software. The filtered spectra were interpreted man-

ually and only those proteins that were identified by good quality spectra were

reported.

2.9. Carboxylesterase assay

Rat liver microsomes and cytosol, purchased from BD Biosciences (Wo-

burn, MA), were used as sources of carboxylesterase to screen activity. Assays

were conducted in 96-well microtiter plates at room temperature using

a method described previously (Wheelock et al., 2001). Briefly, 0.5 mg liver

microsomes or 2 mg cytosol were incubated with 10 mM FAAH inhibitor for

30 min and then substrate p-nitrophenyl acetate (Sigma) was added to a final

concentration of 1 mM. The plate was read 10 min after substrate addition

at 405 nm for the appearance of the p-nitrophenol using a Spectramax190

(Molecular Devices, Sunnyvale, CA). The carboxylesterase activities in liver

extracts without inhibitor added were set at 100% and the remaining carbox-

ylesterase activities after incubation with inhibitors were calculated relative to

the control.

3. Results

3.1. Labeling FAAH by FP-peg-TMR

We synthesized FP-peg-TMR and assessed whether it can
be used as a probe to detect FAAH and other serine hydrolases
in an activity-dependent manner. Proteomes prepared from
HEK293T cells and cells transfected with human FAAH
were incubated with FP-peg-TMR probe and resolved by
SDS-PAGE. Multiple fluorescent protein bands were observed
that represent labeled serine hydrolases in the cells (Fig. 1). A
strongly labeled 60 kDa protein band is present in FAAH
transfected cells but not in untransfected HEK293T cells.
This labeled protein band is missing when FAAH is immuno-
depleted by its antibody from FAAH transfected cells, indicat-
ing that this labeled 60 kDa protein is FAAH.

We also prepared proteomes from both rat and human
brains and observed that multiple serine hydrolases were la-
beled by the FP-peg-TMR probe (Fig. 1). In rat brain, a single
60 kDa labeled band, which is missing when FAAH is immu-
nodepleted from the proteome, represents FAAH. In human
brain, a single 60 kDa labeled protein band was also observed;
however, this labeled protein band remains largely unaffected
when FAAH is immunodepleted from the proteome, indicating
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that a serine hydrolase(s) other than human FAAH is the
dominant protein labeled by the probe in this 60 kDa band.

3.2. Selectivity of URB597 and a-KH 7
in rat and human tissues

We addressed the selectivity of several representative
FAAH inhibitors in proteomes prepared from rat and human
tissues, and in the case of rat, we performed a comprehensive
analysis by covering almost all major tissues. In addition, we
assessed the selectivity in whole cell proteomes, rather than
the membrane fraction as reported previously (Leung et al.,
2003; Lichtman et al., 2004), in order to cover cytosolic as
well as membrane-bound serine hydrolases.

Using proteomes prepared from HEK293T cells transfected
with human FAAH, we first assessed the potency of the carba-
mate inhibitor URB597 (Kathuria et al., 2003) and the a-keto-
heterocycle inhibitor a-KH 7 (Leung et al., 2003). As
determined by the ABPP approach, URB597 inhibited
FAAH with an IC50 of 0.109 mM and a-KH 7 showed an
IC50 of 0.077 mM, which is comparable to the IC50 values
determined by enzymatic assay (0.119 mM for URB597 and
0.03 mM for a-KH 7) by us (unpublished observations) and
by others (Leung et al., 2003; Lichtman et al., 2004) using
ABPP. We then prepared proteomes from 28 rat tissues and
evaluated the selectivity of these two FAAH inhibitors at
10 mM concentrations, which is about 100-fold over the IC50

values for URB597 and a-KH 7. Gel images from several rep-
resentative tissues are shown in Fig. 2. In the neuronal tissues
tested, including whole brain, cerebral cortex, cerebellum, hy-
pothalamus and spinal cord, the labeling by FP-peg-TMR of
only a single protein band around 60 kDa, which is FAAH,
is competed off significantly by either URB597 or a-KH 7
while other protein bands remain visibly unaffected. In liver,
heart, kidney, thyroid, prostate, bladder, lung, testicle, uterus,

Fig. 1. Labeling FAAH by FP-peg-TMR. Serine hydrolases from proteomes

prepared from cells or tissues as indicated are labeled by FP-peg-TMR. The

60 kDa FAAH band, indicated by an arrow, is present in HEK293T cells trans-

fected with human FAAH (HEK:hFAAH), but not in untransfected HEK293T

(HEK) cells. This labeled band is missing when FAAH is immunodepleted

from FAAH transfected cells. In rat brain, the 60 kDa labeled protein band

is FAAH that can be immunodepleted by antibody from the proteome. In

human brain, the 60 kDa labeled protein band remains largely intact when

FAAH is immunodepleted from the proteome.
lymph node, salivary gland, whole eye, epididymis, stomach,
adrenal gland, pituitary and aorta, URB597 completely in-
hibits or diminishes the labeling of one or several protein
bands around 60 kDa while not affecting the labeling of other
bands on the gel. In intestine, in addition to the protein bands
around 60 kDa, several protein bands around 50 and 40 kDa
show diminished band intensity. However, no visible effects
by URB597 on band patterns or intensities were observed in
pancreas, thymus, muscle, spleen and ovary. As for a-KH 7,
no visible changes in band intensity and pattern were observed
in all 23 non-neuronal tissues tested, indicating exceptional
selectivity for FAAH.

We next evaluated the selectivity of URB597 and a-KH 7 in
four human tissues: brain, liver, heart and intestine (Fig. 3).
URB597 competes the labeling of only one or two protein
bands around 60 kDa in all four tissues, while other bands on
the gel remain unaffected. a-KH 7 does not have any visible
effects on labeled bands in any of the four human tissues.

3.3. Multiple FAAH inhibitors display broad
specificity in rat and human tissues

We also evaluated the selectivity of other known FAAH in-
hibitors in whole cell proteomes prepared from representative
rat and human tissues and the data are presented in Table 1.
All inhibitors were assayed at a concentration of 10 mM, in
general representing approximately 100-fold or more above
their IC50 values (our data or that reported in the literature),
with the exception of AM404, which is a weaker inhibitor
of FAAH. We assessed three other carbamate inhibitors
besides URB597. BMS-1 (Sit and Xie, 2002) is much less
specific for FAAH than URB597 in that it targeted several
other labeled protein bands in addition to those around 60 kDa
in all the rat and human tissues tested. SA-47 (Abouabdellah
et al., 2006) and SA-72 (Abouabdellah et al., 2005) are also car-
bamate inhibitors, however, in contrast to URB597 and BMS-1,
these two inhibitors showed exceptional selectivity for FAAH.
OL-135 (Boger et al., 2005), an a-ketoheterocycle inhibitor
similar to a-KH 7 is visibly not as specific as a-KH 7 in that it
has a few off-targets mostly around 60 kDa in the tissues evalu-
ated. We also assessed two anandamide re-uptake inhibitors,
AM404 (Beltramo et al., 1997; Glaser et al., 2003) and
LY2077855 (Porter et al., 2004), which have been reported to
be FAAH inhibitors as well. AM404 also showed selectivity
for FAAH. However, LY2077855 showed the poorest selectivity
among all the inhibitors investigated in that it targeted many
labeled protein bands in every tissue. This is consistent with a
recent finding that a similar heterocyclic urea compound also
showed poor selectivity (Alexander and Cravatt, 2006).

3.4. Identification of multiple carboxylesterases
in the off-target bands around 60 kDa

Our selectivity screening revealed that proteins around
60 kDa constitute the off-targets for URB597 in rat and human
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Fig. 2. Screening for the selectivity of URB597 and a-KH 7 in rat tissue proteomes. Competitive profiling reactions were set up in which 10 mM FAAH inhibitor

URB597 (URB) or a-KH 7 (KH7) competes with 200 nM FP-peg-TMR for the binding of serine hydrolases in rat tissue proteomes. Shown are fluorescent gel

images of representative tissues as indicated and the missing or diminished protein bands are indicated by arrows or brackets, respectively.
tissues. These 60 kDa proteins are also frequent off-targets for
other FAAH inhibitors evaluated. We then sought to isolate
these potential off-targets by affinity purification and deter-
mine their identities by MudPIT analysis. To do this, an FP-
peg-biotin probe was employed to label serine hydrolases in
rat tissues and the labeled proteins were affinity-purified by
streptavidin beads followed by separation on SDS-PAGE.
Representative silver staining gels revealed similar patterns
of protein bands labeled by FP-peg-biotin compared to those
labeled by FP-peg-TMR (Fig. 4). Protein bands around
60 kDa were excised from select tissues and were subjected
to MudPIT analysis. The identities of multiple peptides were
successfully revealed from liver, kidney and thyroid and were
used to search Genbank for the corresponding genes (Table
2). We found that all the identified peptides correspond only
to several carboxylesterase isozymes in rat with predicted mo-
lecular weight around 60 kDa. In liver, peptide(s) matching the
sequences from carboxylesterases NM_017004, NM_133586
Fig. 3. Screening for the selectivity of URB597 and a-KH 7 in human tissue proteomes. Competitive profiling reactions were set up in which 10 mM FAAH

inhibitor URB597 (URB) or a-KH 7 (KH7) competes with 200 nM FP-peg-TMR for the binding of serine hydrolases in human tissue proteomes. Shown are fluo-

rescent gel images and the missing or diminished protein bands are indicated by arrows or brackets, respectively.
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Table 1

Selectivity profiling of FAAH inhibitors in representative rat and human tissues

Brain Liver Heart Intestine Brain Liver Heart Intestine

URB597 1 (60) 1 (60)2 (60)
1 (60), 2 (50),

3 (40)
1 (60) 2 (60) 1 (60) 2 (60)

BMS-1
1 (150),

1 (70), 1 (60)

2 (70),
2 (60),
2 (50),
1 (35)

1 (75),
1 (60),
1 (55),
1 (33)

1 (75), 1 (60), 
2 (50), 2 (40),

1 (33)

1 (150),
1 (120),1 (60),

2 (33)

1 (130),
1 (60),  3 (50–

60), 1 (32)
1 (60), 1 (32) 1 (150), 2 (60),

1 (40)

SA-47 1 (60)

1 (60)

1 (60)

1 (60)

1 (60)

1 (60) 1 (60) 1 (60) 1 (60) 1 (60) 2 (60)

SA-72

-KH 7

OL-135
1 (130),1 (60),

3 (50–60)

AM404

LY2077855 11 (21–98) 14 (21–98) 8 (21–98) 20 (21–98)
2 (80), 1 (60),

3 (30–35)
10 (21–155)

1 (95), 1 (80),
1 (60), 2 (32),

1 (23)

2( 80), 2 (60),
1 (40), 3 (30)

rat human
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The number of affected protein bands, if any, with the approximate range of molecular weight (in parentheses) is indicated for each inhibitor in a particular tissue

proteome. The relative selectivity of FAAH inhibitors is categorized into four classes that are represented by different color schemes: exceptionally selective

(green) with no visible change in band patterns except in rat brain the only protein band with diminished labeling is the 60 kDa FAAH band, highly

selective (yellow) with only 1e2 visible missing or diminished protein bands, moderately selective (orange) with 3e5 visible affected protein bands, and

poorly selective (red) with five or more affected protein bands.
(ES2), NM_144743, NM_001024365 and X81825 (ES4) were
identified. A peptide matching several carboxylesterases
including NM_017004 was identified in kidney. In thyroid,
peptide(s) unique to NM_031565 (ES3) and NM_133586
(ES2) were identified.

3.5. FAAH inhibitors inhibit multiple
carboxylesterases as off-targets

Considering that only a subset of the proteins identified in the
60 kDa range might actually be the off-targets of URB597, we
proceeded to clone the matching carboxylesterases, expressed
them in HEK293T cells, and evaluated which of these are
indeed off-targets for URB597 (Fig. 5). URB597 strongly in-
hibits NM_001024365, NM_133586 (ES2) and NM_144743,
with IC50 ranging from 0.21 mM to 1.62 mM. It weakly inhibits
NM_031565 (ES3) with an IC50 of 7.36 mM. In contrast,
URB597 does not inhibit NM_017004 at concentrations up to
100 mM and is a very weak inhibitor for X81825 (ES4), with
an IC50 of 38.67 mM.

We then evaluated whether these carboxylesterases are off-
targets for other FAAH inhibitors (Fig. 6). We also included
carboxylesterase X51974, which is rat TGH, in our analysis
since TGH was shown to be an off-target for URB597 by others
using mouse proteomes (Lichtman et al., 2004). Consistent
with this, we found that, in addition to the carboxylesterases
identified above (Fig. 5), URB597 also detectably inhibited
rat TGH. All seven carboxylesterases are inhibited by BMS-1
and LY2077855 at 10 mM concentration. In comparison, none
of these carboxylesterases appeared to be off-targets for SA-
47, SA-72, a-KH 7 or AM404. TGH, NM_133586 (ES2),
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X81825 (ES4) and NM_001024365 are inhibited by OL-135 at
10 mM concentration while NM_031565 (ES3), NM_144743
and NM_017004 are largely not affected. Overall, TGH was
the most common off-target of the FAAH inhibitors assessed,
closely followed by the carboxylesterases NM_001024365
and NM_133586 (ES2).

3.6. Inhibition of carboxylesterase activities
in rat liver by FAAH inhibitors

Various carboxylesterases are present in a wide variety of
organs and the highest activity occurs in the liver where mul-
tiple isozymes exist. Since FAAH inhibitors display broad in-
hibitory activities to carboxylesterases in our ABPP study, we
set out to assess the effects of FAAH inhibitors on overall car-
boxylesterase activities in liver. Carboxylesterase activity of
liver is found predominantly in the microsomal fraction. We
thus incubated the microsomal fraction from rat liver with
10 mM FAAH inhibitors and then assayed for carboxylesterase

Fig. 4. Affinity purification of 60 kDa off-targets protein bands. Serine hydro-

lases in proteomes prepared from rat liver, kidney and thyroid were labeled

with FP-peg-biotin and affinity-purified on streptavidin beads. Shown are

silver-stained gels of purified proteins and protein bands of approximately

60 kDa (indicated by brackets) were excised for MudPIT analysis of protein

identities.

Table 2

Determination of off-target identities by MudPIT analysis of excised protein

bands

Tissue Representative peptide(s)

identified

Corresponding

gene cloned

Liver A.PPEPAEPWSFVK.N NM_017004

R.GNWGYLDQVAALR.W NM_133586 (ES2)

NM_144743

G.LKAEEVAFWTQLLAK.R NM_001024365

K.EEYLQIGATTQQSQR.L X81825 (ES4)

K.YVSLEGVTQSVAVFLGVP

FAKPPLGSLR.F

Kidney R.AISESGVVLTTNLDKK.N NM_017004

Thyroid K.AISESGVALTAGLVK.K NM_031565 (ES3)

K.SSFLLNLPEEAIPVAVEK.Y

K.LSGCEATDSETLVR.C NM_133586 (ES2)
activities (Fig. 7A). Consistent with our ABPP study, SA-47
and SA-72, which are highly selective for FAAH, do not
have major effects on the level of carboxylesterase activities
in liver microsomes, while BMS-1 and LY2077855, the two
inhibitors that target all seven cloned carboxylesterases, dra-
matically reduced the overall carboxylesterase activity levels
in liver by about 90 and 95%, respectively. URB597 and
OL-135, which display inhibitory effects on only a subset of
carboxylesterases in our ABPP study, reduced the liver car-
boxylesterase activities to 50 and 70%, respectively. AM404,
a weaker FAAH inhibitor, showed good selectivity at the con-
centration assayed. Although a-KH 7 does not have any visi-
ble effects on the seven cloned carboxylesterases in our ABPP
study, we observed 20% reduction in carboxylesterase activity
when added to the microsomal fraction of liver, suggesting
that a-KH 7 may target other carboxylesterases which are
yet to be identified. In addition to the microsomal fraction,

Fig. 5. Selectivity of URB597 against cloned carboxylesterases. Competitive

profiling reactions were set up in which URB597 at the indicated dose com-

petes with 200 nM FP-peg-TMR for the binding of carboxylesterases that

were cloned and expressed in HEK293T cells. Shown are fluorescent gel

images and the calculated IC50 values.

Fig. 6. Selectivity profiling of FAAH inhibitors against cloned carboxyles-

terases. Competitive profiling reactions were set up in which 10 mM FAAH

inhibitors as indicated compete with 200 nM FP-peg-TMR for the binding

of carboxylesterases that were cloned and expressed in HEK293T cells. Fluo-

rescent gel images are shown.
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Fig. 7. Inhibition of liver carboxylesterase activities by FAAH inhibitors. Rat liver microsomes (A) or cytosol (B) were incubated for 30 min with 10 mM FAAH

inhibitors as indicated and then carboxylesterase (CE) activities were measured. Carboxylesterase activities relative to that without incubation with inhibitors are

calculated and plotted as mean� SEM from five separate experiments of activity determination.
significant carboxylesterase activity is also present in the cyto-
sol fraction of liver. The effects of FAAH inhibitors on the
carboxylesterase activity levels in the cytosol were also evalu-
ated and similar potencies of inhibition by these inhibitors
were observed as those on the membrane-bound carboxyles-
terases in the microsome fraction (Fig. 7B).

4. Discussion

Activity-based probes have been increasingly employed in
functional proteomics to profile enzyme activities globally in
cells or tissues. In this report we employed the ABPP approach
to study FAAH inhibitor selectivity among hundreds of serine
hydrolases in the rat and human proteomes. We observed that
FAAH inhibitors display broad specificity. SA-47 and SA-72
showed exceptional selectivity for FAAH. AM404 is also quite
selective, although it is a relatively weaker inhibitor of FAAH.
In addition, a-KH 7 appears selective in our ABPP study;
however, it may target unidentified carboxylesterase(s) as
revealed by enzyme assay. URB597, BMS-1, OL-135 and
LY2077855 have off-target proteins across multiple rat
and human tissues and their relative specificities are OL-
135>URB597>BMS-1> LY2077855. In some instances
varied IC50 values for FAAH inhibitors have been reported
in the literature, most likely due to differences in assay condi-
tions. However, since we evaluated the selectivity of FAAH in-
hibitors at a concentration generally much higher than their
IC50 values, the impact of such differences on interpretation
of selectivity is reduced. Moreover, for some compounds
such as URB597 and a-KH 7, we also generated IC50 values
for FAAH within the ABPP assay. This therefore permitted
a direct comparison, under the same assay conditions, between
potency and selectivity for these compounds. To our knowl-
edge, we are the first to report a comprehensive selectivity
screening of FAAH inhibitors in rat and human and this study
should provide valuable information for further development
of these FAAH inhibitors or their analogs.

Due to the limited number of inhibitors evaluated, it is
premature to correlate the specificity of an inhibitor to its
chemical class or mechanism of inhibition. URB597,
BMS-1, SA-47 and SA-72 all have a carbamate group that
may cause irreversible inactivation of FAAH through modifi-
cation of its serine nucleophile. Interestingly, SA-47 and SA-
72 are exceptionally specific while URB597 and BMS-1
have several off-targets. SA-47 and SA-72 are alkoxy carba-
mates whereas URB597 and BMS-1 are aryloxy carbamates.
It is possible that, in part, the improved selectivity of SA-47
and SA-72 may derive from a reduction in inherent reactivity
of the alkoxy moiety. However, other aspects of these mole-
cules likely also contribute to their selectivity for FAAH.
a-KH 7 and OL-135, both a-ketoheterocycles, inhibit FAAH
reversibly (Boger et al., 2005; Leung et al., 2003) and both
are relatively specific for FAAH, compared to the diversity
in specificity of carbamate inhibitors. On the other hand, the
heterocyclic urea compounds, LY2077855 (our study) and
LY2183240 (Alexander and Cravatt, 2006), inhibit FAAH irre-
versibly and they are poorly selective. Selectivity may depend
on orientation or accessibility of the inhibitor relative to key
contact points within the active site as well as on amino acids
involved in catalysis. In this respect, it is of interest that recent
studies of the crystal structure of FAAH (Bracey et al., 2002),
on molecular modeling with inhibitors (Mor et al., 2004), and
on modeling of its catalytic mechanism (Lodola et al., 2005),
suggest several unique features that may impact inhibitor se-
lectivity. The active site of FAAH can potentially be accessed
via membrane and cytosolic ports, with substrate bound at the
active site and within an adjacent channel. Catalysis by FAAH
has been proposed to occur via a novel mechanism, whereby
lysine 142 accepts a proton from serine 217, which then de-
protonates, and thereby creates the nucleophilic serine 241
of FAAH.

Although a unique pattern of labeled serine hydrolases was
observed in each tissue in our study, some common serine
hydrolases with apparent identical molecular weight and
band intensity are often shared across multiple tissues. Nota-
bly, all neuronal tissues are very similar in their band patterns.
We found that selective FAAH inhibitors remain selective
across multiple tissues; however, less selective inhibitors often
show common off-target bands across different tissues. For
example, proteins around 60 kDa are major off-targets for
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URB597 and are also frequent off-targets for other FAAH
inhibitors in multiple tissues. Although we performed a com-
prehensive profiling of almost all major tissues in rat, it is
possible to profile FAAH inhibitor specificity in a few repre-
sentative tissues. Intestine, pancreas, stomach, liver and kidney
are rich in diverse serine hydrolases and therefore can be em-
ployed in such screening.

Several off-targets for URB597, BMS-1 and OL-135 were
identified previously in mouse proteomes, including TGH,
AAD, CE-1, LPL, MAGL, KIAA1363 and CE6 (Alexander
and Cravatt, 2005; Lichtman et al., 2004). We confirmed
that carboxylesterases remain as off-targets in rat; although
we found that rat TGH is an off-target for BMS-1 and OL-
135 while the mouse counterpart was reported not to be an
off-target (BMS-1) or only inhibited very weakly (OL-135).
Also, in rats we did not observe effects on bands correspond-
ing to the predicted molecular weight for the other reported
off-targets. This discrepancy may be due to species differences
in expression of off-targets or due to use of whole cell pro-
teomes versus the more enriched membrane fraction used by
Lichtman et al. (2004).

The most significant finding in this report is that we identi-
fied multiple carboxylesterase isozymes as novel off-targets
for several structurally distinct FAAH inhibitors. These
carboxylesterases were initially recovered from the 60 kDa
protein band(s), which contain off-targets for URB597 and
several other FAAH inhibitors. We then proved that they are
bona fide off-targets using ABPP with cloned carboxyles-
terases. Further enzymatic assay confirmed the inhibitory
effects of several FAAH inhibitors towards carboxylesterase
activities in rat liver extracts.

Carboxylesterases (EC3.1.1.1) belong to the a/b hydrolase
fold family with a nucleophile (serine), a base (histidine), and
an acid (glutamic acid) forming the active site catalytic triad
(Satoh and Hosokawa, 1998). In contrast, FAAH contains
a highly conserved amidase signature sequence and its cata-
lytic mechanism appears to involve two serines and a lysine
(Lodola et al., 2005; McKinney and Cravatt, 2005). Perhaps,
although FAAH and carboxylesterases have very limited
sequence homology, they share similar active site structures
or features. In this respect, it is intriguing that the most com-
mon off-target we found is TGH, a carboxylesterase that can
cleave triacylglycerol, thus sharing with FAAH the ability to
cleave hydrophobic fatty acid-based molecules. In addition,
these enzymes have complex active sites that accommodate
a variety of substrates (Bracey et al., 2002; Dolinsky et al.,
2004) and share the ability to cleave amide and ester bonds
(Boger et al., 2000; Satoh and Hosokawa, 1998).

Mammalian carboxylesterases represent a multigene family
and at least eight rat isozymes have been identified (Furihata
et al., 2005). More putative carboxylesterases, with sequence
homology to the cloned enzymes, are reported in Genbank.
Rat carboxylesterases are categorized into two families,
CES1 and CES2, based on sequence homology (Satoh and
Hosokawa, 1998). However, we found no correlation between
inhibition of these carboxylesterases and their sequence homol-
ogy. For instance, X51974 (TGH, ES10), NM_031565 (ES3),
NM_017004, X81825 (ES4) and NM_001024365 are CES1
family members but respond differently to URB597 and OL-
135. Moreover, although X81825 (ES4) and NM_001024365
share 93% sequence identity, NM_001024365 is significantly
inhibited by URB597 whereas X81825 (ES4) is unaffected.

Carboxylesterases are present in a wide variety of tissues
and the highest hydrolase activity occurs in the liver where
multiple carboxylesterase isozymes exist (Satoh and Hoso-
kawa, 1998). We observed that select FAAH inhibitors inhibit
carboxylesterase activities in both microsomal and cytosol
fractions of liver. Although the relative expression levels of
liver carboxylesterase isozymes is unknown due to the lack
of specific antibodies, real time RT-PCR and Northern blot
analyses nonetheless indicate dominant expression of
X51974 (TGH, ES10), X81825 (ES4) and NM_031565
(ES3) in liver (Linke et al., 2005; Sanghani et al., 2002).
Our ABPP study revealed potent inhibition of these three car-
boxylesterases by BMS-1 and LY2077855, and consistently
only residual carboxylesterase activities remained when liver
extracts were exposed to these inhibitors. Although the use
of a general carboxylesterase substrate and liver extracts pro-
duced results that strongly support the ABPP data, this does
not necessarily suggest that the enzymes identified by ABPP
constitute the only carboxylesterases responsible for hydroly-
sis of the substrate. This notion is further supported by our
observation that a-KH 7 inhibits carboxylesterase activities
in liver by targeting unknown enzymes not identified in our
ABPP study. Further studies with more specific substrates in
enzymatic assays may help to assess the significance of in-
tissue inhibition more precisely. Moreover, inhibition of an
enzyme in vitro in the ABPP assay may not always translate
to the in vivo situation. Although URB597 inhibits rat TGH
in the ABPP study, it was recently reported that this compound
does not significantly affect triolein hydrolysis in rat tissue that
is rich in TGH (Clapper et al., 2006). Such a discrepancy
might be dependent on the relative contribution of the enzyme
to hydrolysis of a specific substrate in a tissue and/or may
reflect potential differences in distribution, subcellular accessi-
bility or metabolism of the inhibitor in the two different situ-
ations. Thus, although there appears to be a generally good
correlation between effects in the ABPP assay and in tissue,
caution should be taken in extrapolating data in this respect
without subsequent assay.

A variety of compounds, such as organophosphates, tri-
fluoromethyl ketone (TFK)-containing compounds and car-
bamates, block carboxylesterases as well as other esterases
(Satoh and Hosokawa, 1998). Potent and selective carboxyles-
terase inhibitors, such as benzil and sulfonamide classes of
compounds, have also been identified (Wadkins et al., 2005,
2004). In this report, we confirmed that carbamate inhibitors
URB597 and BMS-1, but not SA-47 or SA-72, inhibit carbox-
ylesterases. In addition, we found that the a-ketoheterocycles,
OL-135 and a-KH 7, inhibit carboxylesterases in our liver
enzymatic study, albeit not as potently. Our ABPP study indi-
cates that these two a-ketoheterocycle compounds, as well as
URB597, are quite specific for carboxylesterases with few
visible other targets except FAAH.
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Carboxylesterases are broad-spectrum serine hydrolases
that efficiently catalyze the hydrolysis of a variety of ester-
and amide-containing chemicals to the respective free acids
(Satoh and Hosokawa, 1998). They are involved in detoxifica-
tion of structurally diverse xenobiotics, such as medicines,
environmental chemicals, and endogenous substances with
ester-, amide-, and thioester bonds. Carboxylesterases are
also responsible for the metabolic activation of many pro-
drugs, such as the anti-tumor agent CPT-11 (Irinotecan), the
chemotherapeutic drug capecitabine, and the blood choles-
terol-lowering drug lovastatin (Liederer and Borchardt,
2006). Since a significant number of drugs or prodrugs are
either eliminated or activated by these enzymes, altering
carboxylesterase activity could have important clinical impli-
cations. For example, loperamide, which is administered
concomitantly with capecitabine in cancer treatment, may di-
minish capecitabine effectiveness by inhibiting carboxyles-
terases required for its activation (Quinney et al., 2005). In
this study, we found that several FAAH inhibitors can inhibit
multiple carboxylesterases. This raises concern that some
FAAH inhibitors, if advanced to the clinic, may affect the
pharmacokinetic behavior of other therapeutic agents contain-
ing ester or amide bonds. Therefore, caution should be used if
FAAH inhibitors and other drugs are co-administered, and the
possible effects on drug elimination and prodrug activation
should be carefully examined. In summary, the characteriza-
tion of FAAH inhibitors using ABPP should aid in the identi-
fication of FAAH inhibitors of therapeutic value with reduced
liability.

Appendix A. Supplementary information

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.neuropharm.2006.11.009.
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