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ABSTRACT: Fatty acid amide hydrolase (FAAH) is a membrane-bound enzyme responsible for the catabolism
of neuromodulatory fatty acid amides, including anandamide and oleamide. FAAH’s primary structure
identifies this enzyme as a member of a diverse group of alkyl amidases, known collectively as the “amidase
signature family”. At present, this enzyme family’s catalytic mechanism remains poorly understood. In
this study, we investigated the catalytic features of FAAH through mutagenesis, affinity labeling, and
steady-state kinetic methods. In particular, we focused on the respective roles of three serine residues that
are conserved in all amidase signature enzymes (S217, S218, and S241 in FAAH). Mutation of each of
these serines to alanine resulted in a FAAH enzyme bearing significant catalytic defects, with the S217A
and S218A mutants showing 2300- and 95-fold reductions inkcat, respectively, and the S241A mutant
exhibiting no detectable catalytic activity. The double S217A:S218A FAAH mutant displayed a 230 000-
fold decrease inkcat, supporting independent catalytic functions for these serine residues. Affinity labeling
of FAAH with a specific nucleophile reactive inhibitor, ethoxy oleoyl fluorophosphonate, identified S241
as the enzyme’s catalytic nucleophile. The pH dependence of FAAH’skcat andkcat/Km implicated a base
involved in catalysis with a pKa of 7.9. Interestingly, mutation of each of FAAH’s conserved histidines
(H184, H358, and H449) generated active enzymes, indicating that FAAH does not contain a Ser-His-
Asp catalytic triad commonly found in other mammalian serine hydrolytic enzymes. The unusual properties
of FAAH identified here suggest that this enzyme, and possibly the amidase signature family as a whole,
may hydrolyze amides by a novel catalytic mechanism.

Fatty acid amide hydrolase (FAAH)1 (1) is the only
characterized mammalian member of a large family of
amidase enzymes termed the “amidase signature” family.
This enzyme family is defined by a highly conserved linear
sequence rich in serine and glycine residues which spans
nearly 50 amino acids in length (Figure 1) (2, 3). More than
45 proteins containing the amidase signature sequence have
been identified to date, including in addition to FAAH, many
prokaryotic (3-9) and fungal enzymes (10-12), 1 avian
enzyme (13), and 3 putative members fromC. elegans.
Despite the presence of amidase signature enzymes in several
kingdoms of life, little is presently known about their tertiary
structure and/or catalytic mechanism.

Among the amidase signature enzymes, FAAH is of
particular interest due to the intriguing biological activities
of its fatty acid amide substrates. Several fatty acid amides,
including the neuromodulatory compounds anandamide and
oleamide, have recently been identified as important mam-
malian signaling molecules (14-18). Anandamide (arachi-
donoyl ethanolamide) was first characterized as an endog-
enous brain ligand for the CB1 cannabinoid receptor (15)
and has since been found to possess cannabinoid-like
properties in vivo, including induction of hypothermia,
analgesia, and memory defects (19). Oleamide (9-Z-octade-
cenamide) was isolated from the cerebrospinal fluid of sleep-
deprived cats (20, 21) and shown to induce physiological
sleep when injected into rats (14). More recently, oleamide
has been found to modulate both serotonergic (22-24) and
GABAergic receptor systems (25-26). Both anandamide and
oleamide also block intercellular communication through gap
junctions (27-29). Finally, a number of other endogenous
fatty acid amides have been characterized (17, 30-32),
including palmitoyl ethanolamide, a ligand for CB2-like
cannabinoid receptors that may act cooperatively with
anandamide in the control of peripheral pain responses (32).
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The intriguing effects of fatty acid amides on pain, sleep,
and memory systems suggest that FAAH might serve as an
attractive target for pharmacological efforts aimed at influ-
encing these physiological processes. Indeed, FAAH is
abundantly expressed in several neuronal types throughout
the central nervous system (33, 34), indicating that this
enzyme is poised to terminate the signaling function of its
fatty acid amide substrates at their presumed sites of action
in vivo. Further support for the role of FAAH in regulating
fatty acid amide activity in vivo has derived from experi-
ments showing that FAAH-resistant analogues of anandamide
display enhanced pharmacological activity (32, 35). While
several potent FAAH inhibitors have been identified (36-
38), these compounds tend to suffer from a lack of target
specificity, often displaying significant inhibition of enzymes
such as phospholipase A2 as well (39, 40). The poor
selectivity of such inhibitors abrogates their use in vivo as
agents to study fatty acid amide-based physiological pro-
cesses. The elucidation of FAAH’s catalytic mechanism
would likely provide a foundation for the future design of
FAAH-specific inhibitors.

In our continued efforts to understand FAAH’s structure
and function, we have engineered a truncated form of the
enzyme lacking its N-terminal transmembrane domain (41).
Characterization of this transmembrane domain-deleted, or
∆TM-, FAAH revealed that the enzyme displayed nearly
identical catalytic properties to those of wild-type FAAH,
and, surprisingly, still associated with membranes despite
lacking FAAH’s single predicted membrane spanning do-
main.∆TM-FAAH was efficiently expressed inE. coli and
could be solubilized and purified in the presence of deter-
gents. The ability to obtain large quantities of purified∆TM-
FAAH provided us with the opportunity to investigate in
detail the catalytic features of this mammalian enzyme.

To date, the nature of FAAH’s catalytic residues has
remained unclear, with the enzyme displaying sensitivity to
both serine- and cysteine-directed inhibitors (37, 38). A
comparative analysis of the primary structures of amidase
signature enzymes has revealed three completely conserved
serine residues, all residing within the signature sequence
itself. Interestingly, two of these serines are part of conserved
GXSXG motifs, often a characteristic feature of serine
hydrolase nucleophiles (42). Recently, one of these three
serine residues was mutagenized to alanine in theRhodo-
ccocusJ1 amidase, resulting in an inactive enzyme (43).
However, this study did not investigate the function that this

serine residue played in catalysis, nor was the catalytic
importance of the other two conserved serine residues
addressed. We now describe the use of mutagenesis, chemical
labeling, and steady-state kinetic methods to investigate
FAAH’s catalytic mechanism and report for the first time
that serine residue 241 acts as the enzyme’s catalytic
nucleophile.

EXPERIMENTAL PROCEDURES

Expression and Purification of FAAH and Mutants. FAAH
and other mutant enzymes were expressed inE. coli with a
His6 tag and purified by metal affinity, heparin agarose, and
gel filtration chromatography as described previously (41).
Unless otherwise stated, all expressed proteins could be
obtained in purified form at levels approximating 0.5-2.0
mg of protein/L of culture volume. Point mutants were
generated using the Quickchange procedure (Stratagene). All
mutant cDNAs were sequenced and found to contain only
the desired mutation(s).

Affinity Labeling. Routes for the chemical syntheses of
ethoxy oleoyl fluorophosphonate (EOFP) and14C-EOFP are
described below. In typical labeling experiments, 0.1-1.0
mg of FAAH or the indicated mutant was incubated with
5-10 equiv of EOFP at enzyme concentrations of 3-15µM
in 20 mM Hepes, pH 7.8, 10% glycerol, 1% Triton X-100,
150 mM NaCl, 1 mM EDTA. After 0.5-2.0 h, 1 volume of
2× SDS loading buffer (reducing) was added, and the
proteins were run on an 8% Tris-Glycine gel (Novex).
Labeling experiments with14C-EOFP were conducted in a
similar manner, except each protein sample (50µg) was
precipitated with trichloroacetic acid, resuspended in SDS-
loading buffer, and run on a 10% Tris-Glycine gel. The gel
was then dried and exposed to a phosphorimager screen
(Packard) for 2 weeks.

Chemical Synthesis of Ethoxy Oleoyl Fluorophosphonate
(EOFP). The synthesis of ethoxy oleoyl fluorophosphonate
(EOFP), or 1-(fluoroethoxyphosphinyl)-9(Z)-octadecene, was
achieved in five steps starting from commerically available
oleoyl alcohol. Key intermediates in the synthesis were
characterized by nuclear magnetic resonance (NMR) and
high-resolution mass spectrometry (FABHRMS). Compound
numbers in boldface refer to structures shown in Scheme 1.

1-[(p-Toluenesulfonyl)oxy]-9(Z)-octadecenol(2). A solu-
tion of oleoyl alcohol1 (1.0 g, 3.7 mmol, 1.0 equiv) in
pyridine (9.0 mL, 112 mmol, 30 equiv) was cooled to 0°C

FIGURE 1: Amidase signature sequences. Selected examples of the amidase signature regions from several amidase signature enzymes.
FAAH: fatty acid amide hydrolase,Rattus norVegicus(gi:1680722). VDHAP: vitamin D3 hydroxylase associated protein,Gallus domesticus
(gi: 1079452). IAAH: indoleacetamide hydrolase,Pseudomonas syringae(gi: 77820). GluAT: Glu-tRNAgln amidotransferase,Bacillus
subtilis(gi: 2589195). AMD: acetamidase,Emericella nidulans(gi: 101782). RhoJI: JI amidase,Rhodococcus rhodochrous(gi: 563984).
NicAm: nicotinamidase,Mycobacterium smegmatis(gi: 3869278). NylAm: 6-aminohexanoate cyclic dimer hydrolase,FlaVobacterium
sp. (gi: 148711). Urea: urea amidolyase,Pichia jadini (gi: 742250).
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and treated withpTsCl (0.89 g, 4.7 mmol, 1.25 equiv). The
reaction mixture was kept at 0°C for 10 h and then
partitioned between ethyl acetate (200 mL) and water (200
mL). The organic layer was washed with 10% aqueous HCl
(2 × 200 mL) and saturated aqueous NaCl (200 mL), dried
(Na2SO4), and concentrated under reduced pressure. Chro-
matography (SiO2, 5 × 10 cm, 2% ethyl acetate-hexanes)
afforded2 (0.57 g, 1.57 g theoretical, 36.4%) as a colorless
oil: 1H NMR (CDCl3, 250 MHz) δ 7.76 (d,J ) 6.5 Hz,
2H, ArH), 7.32 (d,J ) 7.3 Hz, 2H, ArH), 5.32 (m, 2H,
CHdCH), 3.98 (t,J ) 6.5 Hz, 2H, CH2OTs), 2.42 (s, 3H,
ArCH3), 1.98 (m, 4H, CH2CHdCHCH2), 1.60 (p,J ) 7.0
Hz, 2H, CH2CH2OTs), 1.50-1.20 (m, 22H), 0.85 (t,J )
6.3, 3H, CH3); FABHRMS (NBA-NaI) m/z 455.2765
(C25H42O3S + Na+ requires 445.2752).

1-Iodo-9(Z)-octadecene(3). A solution of2 (0.57 g, 1.36
mmol, 1.0 equiv) in acetone (6.8 mL, 0.2 M) was treated
with NaI (0.41 g, 2.72 mmol, 2.2 equiv) and the reaction
mixture was stirred at reflux for 2 h, producing a yellow-
orange solution. The reaction mixture was partitioned
between ethyl acetate (200 mL) and water (200 mL). The
organic layer was washed sequentially with saturated aqueous
Na2S2O3 (100 mL) and saturated aqueous NaCl (100 mL),
dried (Na2SO4), and concentrated under reduced pressure.
Chromatography (SiO2, 5 × 10 cm, 2% ethyl acetate-
hexanes) afforded3 (0.46 g, 0.51 g theoretical, 89.9%) as a
colorless oil: 1H NMR (CDCl3, 250 MHz)δ 5.33 (m, 2H,
CHdCH), 3.16 (t,J ) 7.0 Hz, 2H, CH2I), 1.99 (m, 4H, CH2-
CHdCHCH2), 1.80 (p,J ) 6.9 Hz, 2H, CH2CH2I), 1.50-
1.20 (m, 22H), 0.85 (t,J ) 6.3 Hz, 3H, CH3).

1-[Bis(isopropyloxy)phosphinyl]-9(Z)-octadecene(4). Tri-
isopropyl phosphite (3.0 mL, 12.2 mmol, 10 equiv) was
added to3 (0.46 g, 1.22 mmol, 1.0 equiv), and the mixture
was heated to 160°C for 15 h. Direct chromatography (SiO2,
5 × 10 cm, 10-25% ethyl acetate-hexanes gradient elution)
separated the majority of excess triisopropyl phosphite from
the reaction product. A second chromatography step (SiO2,
5 × 10 cm, 10-25% ethyl acetate-hexanes gradient elution)
afforded4 (0.36 g, 0.51 g theoretical, 70.8%) as a colorless
oil: 1H NMR (CDCl3, 250 MHz)δ 5.31 (m, 2H, CHdCH),
4.65 (m, 2H, (CH3)2CHOP), 1.96 (m, 4H, CH2CHdCHCH2),
1.53-1.24 (m, 38H), 0.85 (t,J ) 6.3 Hz, 3H, CH3);
MALDI -FTMS (DHB) m/z 439.3311 (C24H49O3P + Na+

requires 439.3317).
1-(Hydroxyethoxyphosphinyl)-9(Z)-octadecene(5). A solu-

tion of compound4 (0.36 g, 0.86 mmol, 1.0 equiv) in CH2-
Cl2 (3.5 mL, 0.2 M) was treated dropwise with bis-
(trimethylsilyl)trifluoroacetamide (BSTFA, 0.46 mL, 1.72

mmol, 2.0 equiv), followed by dropwise addition of trim-
ethylsilyl bromide (TMSBr, 0.38 mL, 2.90 mmol, 3.3 equiv).
The reaction was stirred at room temperature for 20 h,
subsequently quenched with 9 mL of 5% (w/v) KHSO4, and
stirred vigorously for 15 min. The reaction mixture was
partitioned between ethyl acetate (100 mL) and water (100
mL) The combined organic layer was washed with saturated
aqueous NaCl (200 mL), dried (Na2SO4), and concentrated
under reduced pressure. The remaining residue was dissolved
in pyridine (4.0 mL), and 1.0 mL of this solution was treated
with dicyclohexylcarbodiimide (DCC, 0.044 g, 0.21 mmol,
1.0 equiv) followed by ethanol (0.012 mL 0.21 mmol, 1.0
equiv). The reaction was stirred at room temperature for 6 h
after which an additional equivalent of both DCC and ethanol
was added. After being stirred an additional 12 h, the reaction
mixture was partitioned between ethyl acetate (100 mL) and
water (100 mL). The organic layer was washed sequentially
with 5% KHSO4 (2 × 100 mL) and saturated aqueous NaCl,
dried (Na2SO4), and concentrated under reduced pressure.
Chromatography (SiO2, 2× 8 cm, 20% CH3OH-CHCl3 with
1% aqueous NH4OH) afforded5 (0.032 g, 0.103 g theoreti-
cal, 30.8%) as a clear oil:1H NMR (CDCl3, 250 MHz) δ
7.45 (bs, 1H, OH), 5.31 (m, 2H, CHdCH), 3.91 (m, 2H,
CH3CH2O), 1.97 (m, 4H, CH2CHdCHCH2), 1.53-1.24 (m,
29H), 0.85 (t,J ) 6.3 Hz, 3H, CH3); FABHRMS (NBA-
NaI) m/z 383.2681 (C20H41O3P + Na+ requires 383.2691).

EOFP, or 1-(Fluoroethoxyphosphinyl)-9(Z)-octadecene
(6). A solution of 5 (0.0147 g, 0.041 mmol, 1.0 equiv) in
CH2Cl2 (0.4 mL, 0.1 M) at-78 °C was treated dropwise
with (diethylamino)sulfur trifluoride (DAST, 0.011 mL,
0.082 mmol, 2.0 equiv) and stirred for 10 min. The entire
reaction mixture was then chromatographed (SiO2, 0.5× 5
cm, 20% ethyl acetate-hexanes), affording6 as a colorless
oil (0.011 g, 0.015 g theoretical, 73.3%):1H NMR (CDCl3,
400 MHz)δ 5.32 (m, 2H, CHdCH), 4.23 (m, 2H, CH3CH2O),
2.0 (m, 4H, CH2CHdCHCH2), 1.85-1.24 (m, 29H), 0.85
(t, J ) 6.3 Hz, 3H, CH3); FABHRMS (NBA-NaI) m/z
385.2659 (C20 FH40O2P + Na+ requires 385.2648).

For 14C-EOFP, the synthesis was conducted as above,
except during the synthesis of compound5, where 14C-
ethanol (1.0 mCi/mmol, Moravek) was used in place of
nonradioactive ethanol. The yield of14C-EOFP was estimated
by liquid scintillation counting relative to known amounts
of 14C-ethanol.

Isolation of Labeled Peptides. Protein bands of labeled
and unlabeled FAAH samples were excised from SDS-
PAGE gels and digested with sequencing grade modified
trypsin (Promega), and the resulting peptides were extracted
as described by Williams, LoPresti, and Stone (44). Cysteine
residues were modified with iodoacetic acid (44). The peptide
extracts were evaporated under nitrogen and resuspended in
50% methanol for reverse-phase high-pressure liquid chro-
matography (HPLC) analysis. The digests were separated
using an HP 1100 series HPLC with a Vydac C18 protein
and peptide column equilibrated in 98.5% buffer A [H2O,
0.1% trifluoroacetic acid (TFA)], 1.5% buffer B (CH3CN,
0.08% TFA). The peptides were eluted with the following
gradient: 0-60 min (1.5-30% buffer B), 60-90 min (30-
60% buffer B), 90-105 min (60-80% buffer B), 105-110
min (80-100% buffer B). Peaks of interest were collected
manually and subjected to mass spectrometric analysis.

Scheme 1
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Electrospray Mass Spectrometry. Peptide masses were
determined using a Sciex API III triple quadrupole mass
spectrometer with an ion-spray atmospheric pressure ioniza-
tion source. Samples were ionized at a positive potential of
4700 V and an orifice potential of 110 V. Spectra were
acquired by scanning quadrupole 1 fromm/z 500 to 2400
with a scan step of 0.5. The electrospray ionization (ESI)
tandem mass spectrometry experiments were performed on
a Finnigan LCQ quadrupole ion trap mass spectrometer. The
samples were ionized at a positive potential of 4000 V.

Enzyme Assays. Enzyme activity was determined using
14C-oleamide as a substrate as described previously (41).
Briefly, the conversion of14C-oleamide to14C-oleic acid was
quantitated using a phosphorimager (Packard) following the
extraction and separation of the radiolabeled compounds by
TLC. All reactions were conducted in the presence of 0.04%
Triton X-100 as a detergent. We have found the presence of
detergent to be necessary for the solubility of FAAH (both
wild type and transmembrane domain-deleted). Due to the
low activity of the S217A mutant, enzyme concentrations
up to 2 µM were required forKm and kcat determinations.
Reactions were monitored for up to 1 h with substrate
concentrations ranging from 20 to 100µM. Reactions with
the S217A:S218A mutant were conducted with 10µM
enzyme and 100µM oleamide. Time courses of up to 8.5 h
were monitored, and linear kinetics were obtained in all
cases. The error values reported reflect the sample standard
deviation of at least four independent trials. Forkcat calcula-
tions, enzyme concentrations were estimated assuming an
absorbance at 280 nm of 0.8 AU for a 1 mg/mL solution of
FAAH (41). Errors reported forkcat do not account for
possible errors in enzyme concentration or variation between
enzyme preparations. In all cases, however, multiple enzyme
preparations were tested, and the variation inkcat between
independent preparations was less than 20%. Studies of pH-
rate dependence were conducted using a reaction buffer of
50 mM Bis-Tris Propane, 50 mM CAPS, 50 mM citrate,
150 mM NaCl. The pH of the buffer was adjusted using
NaOH or HCl. The data were fit to the following equation
using nonlinear least-squares analysis:kcat ) (kcat

1/[H+])/
(Ka + [H+]) + (kcat

2/Ka)/(Ka + [H+]) where kcat
1 is the

maximal rate of the fully protonated state andkcat
2 is the

maximal rate of the deprotonated state (45). The kcat value
at pH 10.0 was not used for fitting purposes as FAAH activity
began to decrease significantly at this pH.

Circular Dichroism Spectrometry. Protein samples for
circular dichroism (CD) measurements were exchanged into
a buffer containing 10 mM Tris, pH 8.0, 100 mM NaCl,
0.05% lauryldimethylamine oxide (LDAO) on a Superdex
200 (Amersham/Pharmacia) gel filtration column at a flow
rate of 0.5 mL/min. Samples were diluted to anA280 of 0.3
(5.75 µM), and CD measurements were recorded at 25°C
in a 0.1 cm cell on an Aviv stopped-flow CD spectrometer.

RESULTS

In the studies described below, a rat FAAH protein lacking
its N-terminal 39 amino acids was used. This modification
removed FAAH’s predicted N-terminal transmembrane
domain, the deletion of which was previously found to leave
FAAH’s catalytic properties unaltered, while at the same time
facilitating the enzyme’s purification (41). For the sake of

clarity, when residue numbers are indicated, they refer to
the positions in the full-length FAAH protein.

Kinetic Properties of FAAH Mutants. A comparative
analysis of the primary structures of amidase signature
enzymes has revealed three completely conserved serine
residues (2), all residing within the signature sequence itself.
We designed and expressed mutants of FAAH in which each
of these serine residues (S217, S218, and S241) was mutated
to alanine. The gel filtration elution profiles (data not shown)
and circular dichroism spectra of these mutant proteins were
not significantly different from those of FAAH (Figure 2),
indicating that no major structural changes had occurred as
a result of these mutations. Interestingly, kinetic analyses
revealed that each serine mutant exhibited a substantial
catalytic deficiency relative to FAAH (Table 1). The S217A
and S218A mutants possessedkcat values 2300- and 95-fold
lower than thekcat of FAAH, respectively, while the S241A
mutant showed no detectable catalytic activity. The S217A
and S218A mutants displayed no significant changes in their
Km values for oleamide, indicating that these residues are
not involved in substrate binding. With respect to the S241A
mutant, we estimate conservatively that the lower detection
limit for our FAAH activity assay was (1× 106)-fold below
that of wild-type activity, setting a maximalkcat value for
this mutant of 5× 10-6 s-1 (assuming no change inKm).

Due to the proximity of S217 and S218 in FAAH’s
primary structure, the possibility was considered that these

FIGURE 2: Circular dichroism spectra of FAAH and the S241A
mutant. The far-UV CD spectra are shown for FAAH (solid line)
and the S241A mutant (dashed line). The CD spectra of the S217A,
S218A, and S217A:S218A mutants were within error of the spectra
shown but were omitted for clarity.

Table 1: Kinetic Properties of FAAH Mutants at pH 9.0

Km (µM) kcat (s-1) kcat/Km (M-1 s-1)

FAAH 11 ( 3 5.2( 0.7 4.7× 105

S218A 7( 1 (5.5( 0.3)× 10-2 7.8× 103

S217A 15( 3 (2.2( 0.2)× 10-3 1.5× 102

S217A:S218A NDa (2.3( 0.1)× 10-5 b ND
S241A ND <5 × 10-6 ND
H184Q 30( 7 20( 2 6.7× 105

H358A 15( 5 4.4( 0.5c 2.9× 105

H449A 29( 12 7.7( 0.7 2.7× 105

a ND, not determined.b This kcat value was calculated assumingV
) Vmax at 100µM oleamide.c Thiskcat value is based on a concentration
of the mutant enzyme estimated from Western blot calibrations with
known amounts of FAAH.
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residues might function in a coordinated or complementary
fashion, perhaps allowing for compensation by one residue
in the absence of the other. In this case, the relative
importance of these two residues would have been obscured
in the above mutagenic analysis. To determine whether S217
and S218 function independently or cooperatively, a mutant
enzyme was generated in which both S217 and S218 were
replaced with alanine. The enzymatic activity of this double
mutant, S217A:S218A, was significantly lower than either
S217A or S218A (Table 1). The extremely low activity of
this mutant prevented the establishment of aKm value since
the high enzyme concentrations required to detect activity
(10µM) were only 10-15-fold lower than the solubility limit
of the substrate, oleamide. Assuming the S217A:S218A
mutant did not have a significantly differentKm for oleamide
than either single serine mutant, akcat value of 2.3× 10-5

s-1 was obtained. Thiskcat matches almost exactly the
predictedkcat value if S217 and S218 were to function
independently: [5.2 s-1/(2300 × 95)] ) 2.4 × 10-5 s-1.
Thus, it is likely that S217 and S218 possess autonomous
catalytic functions, with the role of S217 being of greater
significance.

Identification of FAAH’s Catalytic Nucleophile. While the
above mutagenic analysis of FAAH clearly established an
order for the relative catalytic importance of the conserved
amidase signature family serine residues, the rather severe
catalytic defects associated with each mutant enzyme pre-
cluded us from determining with confidence which residue
represented FAAH’s catalytic nucleophile. Additionally, the
aforementioned sensitivity of FAAH to both serine- and
cysteine-directed agents demanded that a more functional
method be developed for defining the enzyme’s nucleophile.
One powerful approach to identify an amidase’s nucleophile
is to covalently modify this residue with a specific inhibitor.
Previous studies had shown that methyl arachidonoyl fluo-
rophosphonate (MAFP), a commercially available phospho-
lipase A2 inhibitor, was also a potent irreversible inhibitor
of FAAH (38). Given that halophosphonate inhibitors have
previously been employed as affinity labels to identify active
site nucleophiles in serine hydrolases (46, 47), we initially
attempted to use MAFP to chemically identify FAAH’s
nucleophile. Comparing the peptide profiles of tryptic digests
of FAAH both prior to and after labeling with MAFP
revealed a dramatic reduction in the level of a single FAAH
tryptic peptide following MAFP treatment (data not shown).
The mass of this depleted peptide identified it as residues
213-243, a region of FAAH that encompasses the majority
of the enzyme’s amidase signature sequence. However,
repeated attempts failed to recover the MAFP-modified form
of this peptide, possibly due in part to the potential instability
and/or extreme hydrophobicity of the arachidonoyl group of
MAFP. Therefore, we chemically synthesized an alternative
fluorophosphonate inhibitor, ethoxy oleoyl fluorophosphonate
(EOFP, Scheme 1), which we anticipated would react
potently with FAAH’s active site nucleophile (Figure 3A),
while at the same time avoiding the possible stability
problems inherent to MAFP’s polyene alkyl chain. Impor-
tantly, this synthetic strategy also afforded us the ability to
incorporate a radiolabel into the EOFP inhibitor.

EOFP was found to behave as an irreversible inhibitor of
FAAH (data not shown), displaying properties indistinguish-
able from those previously described for MAFP (38). FAAH

was incubated for 30 min with 0 or 5 equiv of EOFP and
then subjected to SDS-PAGE followed by in-gel digestion
with trypsin. The resulting tryptic peptides were extracted,
concentrated, and separated by reverse-phase HPLC (Figure
3B). Comparison of the HPLC UV absorbance traces for
the EOFP-treated and untreated FAAH samples revealed that
labeling with EOFP induced (1) a significant decrease in a

FIGURE 3: Labeling of FAAH with ethoxy oleoyl fluorophosphonate
(EOFP). (A) The expected reaction scheme of FAAH with EOFP
involves attack by FAAH’s nucleophile on the EOFP phosphorus
atom, resulting in a covalent enzyme-inhibitor complex. (B)
Reverse-phase HPLC of tryptic peptides obtained from FAAH
following incubation of the enzyme either in the presence (red trace)
or in the absence (blue trace) of EOFP. Electrospray mass
spectrometry of the indicated peaks revealed masses corresponding
to residues 213-243 (2671 Da) and 244-260 (1885 Da) for the
peak at 56.7 min, and residues 213-243 labeled with one molecule
of EOFP (3014 Da) for the peak at 94 min. (C) Reverse-phase
HPLC of tryptic peptides obtained from the S217A:S218A mutant
following incubation of the enzyme either in the presence (red trace)
or in the absence (blue trace) of EOFP. Electrospray mass
spectrometry of the indicated peaks revealed masses corresponding
to residues 213-243 (2639 Da) for the peak at 57.1 min and
residues 213-243 labeled with one molecule of EOFP (2980 Da)
for the peak at 94 min.
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peptide peak eluting at 56.7 min, and (2) the appearance of
a new peptide peak at 94 min. Electrospray mass spectrom-
etry identified two peptides in the 56.7 min peak with masses
of 1884 and 2671 Da, corresponding to amino acids 244-
260 and 213-243 of FAAH, respectively. A selective
decrease in the mass intensity of the 2671 Da peptide was
observed in the EOFP-treated FAAH sample. Mass analysis
of the peak eluting at 94 min revealed a single peptide with
a mass of 3014 Da, corresponding to the mass of residues
213-243 with an additional 343 Da, the expected additional
mass for this peptide modified with one molecule of EOFP.

The EOFP-labeled FAAH peptide contained several highly
conserved residues of the amidase signature sequence,
including S217, S218, and S241. To identify the exact site
of modification, the peptide was first sequenced by Edman
degradation. The sequence KSPGGSSGGEGALIGSGGSPL-
GLGTDIGG was obtained, which corresponds to FAAH
residues 213-240 and falls three amino acids short of the
expected peptide sequence as predicted by mass analysis.
However, only one serine residue, S241, remained in the
unsequenced portion of this peptide, suggesting that this
residue might be the site of EOFP modification. In support
of this notion, Edman degradation has previously been found
to stop at phosphorylated serine residues (48, 49). To confirm
the position of the modified residue, tandem mass spectrom-
etry was employed on the ethoxy oleoyl phosphonate
(EOP)-peptide adduct (Figure 4). Fragmentation of the
doubly chargedm/z 1507 ion of the labeled peptide yielded
several daughter ions which corresponded to the expected
peptide fragments for EOFP modification at S241 (Figure
4A). Peaks atm/z 832, 945, 1060, 1218, 1388, 1415, 1598,
1743, 1886, and 1944 all corresponded to fragments 343
mass units larger than predicted for C-terminal fragments
of the unmodified FAAH peptide. The smallest of these
fragments,m/z 832, corresponded to the sequence IGGSIR
with one molecule of inhibitor bound, supporting reaction
of EOFP with S241. Peaks atm/z 957, 1070, 1091, 1626,
and 1796 corresponded to the predicted masses of unmodi-
fied, N-terminal portions of the peptide that lack S241, but
collectively contain all of the other serine residues in this
peptide.

Several peaks in the daughter ion (MS2) spectrum did not
match the initially predicted fragments of the parent ion. The
most prominent daughter ion in this spectrum was a doubly
charged ion atm/z 1327. Inspection of other unidentified
peaks in the MS2 spectrum revealed that several peaks,
including them/z 1327 ion, possessedm/z values 17 units
below those expected for C-terminal peptide fragments
containing an unmodified S241 residue. These fragments
likely resulted from cleavage of the modified serine residue
at the Câ-Oγ bond, releasing the bound inhibitor and
leaving a dehydroalanine residue at position 241. Analysis
of the daughter ions from the doubly chargedm/z 1327
peptide confirmed this possibility (Figure 4B). Daughter ions
were generated atm/z472, 584, 858, 1028, 1235, 1439, 1526,
1584, 1696, 1811, and 1939, all of which matched expected
masses for peptides following the loss of the serine hydroxyl
at residue 241.

These results clearly demonstrate that S241 of FAAH is
labeled by the electrophilic inhibitor EOFP. They do not
reveal, however, whether S241 is the only residue in FAAH
modified by this agent. To determine whether EOFP modifies

any other residues in FAAH, a14C-labeled version of EOFP
was synthesized. This radioactive inhibitor was incubated
with both FAAH and the S241A FAAH mutant for 30 min,
after which the protein samples were separated from unbound
inhibitor by SDS-PAGE and visualized using a phosphor-
imager (Figure 5). While FAAH was clearly labeled with
14C-EOFP and showed no change in labeling intensity with
increasing concentrations of inhibitor, no detectable radio-
activity was associated with the S241A mutant, even upon
incubation with 50 molar equiv of14C-EOFP. These results
indicate that EOFP exclusively modifies FAAH at S241,
providing compelling evidence that this residue is FAAH’s
catalytic nucleophile.

To test whether S217 and/or S218 were necessary for the
activation of FAAH’s S241 nucleophile, the ability of the
S217A:S218A mutant to react with EOFP was assessed.
HPLC analyses of tryptic digests of the double mutant

FIGURE 4: Tandem mass spectrometry analysis of the ethoxy oleoyl
phosphonate (EOP)-FAAH peptide adduct. (A) MS2 spectrum of
the daughter ions of the doubly chargedm/z 1507 EOP-FAAH
peptide adduct (corresponding to residues 213-243 of FAAH). The
sequence of the peptide and masses of the observed cleavage
products are indicated. Numbers above and below the sequence
correspond to them/z values of singly charged C-terminal and
N-terminal fragments, respectively. Peaks marked with an asterisk
corresponded to doubly charged ions. (B) MS3 spectrum of the
granddaughter ions generated from the doubly chargedm/z 1327
daughter ion. Them/z 1327 daughter ion is generated from
fragmentation between S241’s Câ and Oγ atoms, resulting in the
release of the bound inhibitor and the generation of a dehydroalanine
residue at position 241.
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revealed a single UV absorbance peak at 57.1 min that was
significantly depleted upon treatment of this enzyme with
EOFP (Figure 3C). In the EOFP-treated sample, the appear-
ance of a new UV absorbance peak at 94 min was also
observed (Figure 3C). Mass spectrometry analysis of the peak
at 57.1 min identified a single peptide with a mass of 2639
Da, matching the expected molecular mass of residues 213-
243 of the S217A:S218A mutant. The peak at 94 min
contained a peptide with a mass of 2980 Da, corresponding
to these same residues modified with one molecule of EOFP.
These results show that the S217A:S218A mutant FAAH,
despite being catalytically compromised by a factor greater
than 105, still reacts with EOFP, indicating that these residues
are not required for the activation of FAAH’s catalytic
nucleophile.

InVestigations of FAAH’s Catalytic Base. A pH-rate
profile of FAAH revealed that the enzyme’skcat increased
from pH 5.35 to 9.5 with a sharp drop above pH 10.0 (Figure
6). The enzyme was notably unstable at pH 5.0 and 10.5,
and no activity could be detected below pH 4.5 or above
pH 11.0. No significant changes were observed inKm over
the measured pH range, meaning that thekcat/Km profile was
essentially identical to thekcat profile. Assuming simple
Michaelis-Menten kinetics in the pH range of 5.35-9.5, a
basic residue involved in catalysis was observed with a pKa

of 7.9( 0.1. Interestingly, FAAH’s pH-rate profile differed
significantly from those of most serine proteases, whose
histidine bases tend to display pKa values closer to 7.0 (50).

To test the possibility that a catalytically essential histidine
served as FAAH’s general base, the three histidine residues
which are conserved in rat, mouse, and human FAAHs were
independently mutated (H184, H358, and H449; see ref51).
Mutation of H449 to alanine or H184 to glutamine generated
enzymes that exhibited similar catalytic properties to those
of FAAH (Table 1). Mutation of H184 to alanine resulted
in a poorly expressed, but active enzyme which proved
unstable to purification (data not shown). Histidine 358,
which is conserved in several but not all amidase signature
enzymes, appeared to serve a possible structural role as only
low quantities (25-50 µg/L culture) of an H358A mutant
enzyme could be recovered in soluble form. Still, significant

FAAH activity could be detected in lysates fromE. coli
expressing the H358A enzyme, and following partial puri-
fication by metal affinity and heparin agarose chromatog-
raphy steps, this mutant was kinetically characterized. The
concentration of the H358A mutant was estimated by
comparing samples of this protein to known quantities of
FAAH in a Western blot analysis. The H358A mutant’skcat

andKm values were found to be nearly identical to those of
FAAH (Table 1). Collectively, the catalytic properties of
these histidine mutants indicate that FAAH does not utilize
a histidine base for the activation of its serine nucleophile.

DISCUSSION

The mutagenesis and affinity labeling studies presented
here clearly demonstrate that S241 serves as FAAH’s
catalytic nucleophile. When coupled with the observation
that this serine residue is conserved in all amidase signature
enzymes characterized to date, these data also suggest that
this residue may function as the nucleophile for the entire
amidase signature family. In support of this notion, the
corresponding serine residue in theRhodococcusJ1 amidase
was recently mutagenized to alanine and shown to result in
an inactive enzyme (43). However, unlike FAAH, the J1
amidase is curiously insensitive to serine-directed agents such
as DIFP and PMSF (43), possibly indicating that non-serine-
based nucleophilic mechanisms might operate in other
amidase signature enzymes. Additionally, the J1 amidase
exhibits a strong pH dependence of activity from pH 5 to 7
with relatively pH-independent activity from pH 7 to 9 (4),
properties that sharply contrast with FAAH’s pH-rate
profile. Still, such distinguishing features between members
of the amidase signature family do not necessarily preclude
a shared catalytic mechanism for these enzymes. Indeed,
other hydrolytic enzymes such as signal peptidase (52) and
pancreatic lipase (53) are not affected by fluorophosphate
and sulfonyl fluoride inhibitors despite possessing serine
nucleophiles, and it is conceivable that particular members
of the amidase signature family might also display such a
phenotype. Regarding FAAH’s sensitivity to the sulfhydryl-
directed agent HgCl2 (37), we suspect that this compound

FIGURE 5: Labeling of FAAH with14C-EOFP. FAAH (left lanes)
and the S241A mutant (right lanes) were incubated with increasing
concentrations (0,∼5, and∼50 equiv) of14C-EOFP, prior to SDS-
PAGE analysis and visualization by phosphorimaging. Radioactive
bands corresponding to EOFP-labeled proteins were observed for
FAAH, but not for the S241A mutant.

FIGURE 6: pH vs logkcat profile of FAAH. The pH dependence of
FAAH’s kcat is shown with a fit obtained from nonlinear least-
squares analysis according to a single residue ionization model.
This profile indicates a catalytically important basic residue in
FAAH with a pKa of 7.9 ( 0.1.
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may exert its effect on FAAH by inducing gross structural
changes in the enzyme. In support of this notion, we have
found that incubation of FAAH with HgCl2 greatly perturbed
the quaternary structure of the enzyme as judged by gel
filtration (data not shown).

Mutagenesis of S217 and S218 of FAAH, two serine
residues that like S241 are conserved in all amidase signature
enzymes, revealed that these residues also play significant
roles in catalysis. The presence of three serine residues
involved in catalysis is highly unusual for an amidase.
Among Ser-His-Asp catalytic triad containing serine hydro-
lases, we identified only the fungal cutinase family of lipase
enzymes as having been found to utilize a conserved serine
or threonine hydroxyl other than the nucleophilic serine (54).
In these enzymes, the nonnucleophilic serine residue’s
hydroxyl donates a hydrogen bond to the oxyanion of the
tetrahedral intermediate (54). The more recently characterized
Ser-Lys dyad enzymes such as the class Aâ-lactamases and
E. coli signal peptidase have also been found to contain a
nonnucleophilic serine residue in their active sites (52, 55).
In the class Aâ-lactamases, this serine is thought to assist
in proton transfer to the leaving amide nitrogen of the
substrate (55, 56). Finally, theE. coli type II asparaginase
contains two conserved threonine residues involved in
catalysis, with one threonine proposed to serve the role of
the nucleophile and the other the role of a base to activate
the deacylating water molecule (57). The catalytic defects
observed here for the S217A and S218A FAAH mutants are
consistent with accessory roles in catalysis such as those
discussed above (58, 59) rather than direct catalytic roles
such as nucleophile activation (60).

Having determined that FAAH possesses a serine nucleo-
phile, we considered the possibility that this enzyme might
contain a Ser-His-Asp catalytic triad analogous to those
commonly found in protease active sites (61). Indeed, the
identification of a catalytically important basic residue in
FAAH with a pKa of 7.9 was perhaps consistent with this
idea. However, the near-wild-type levels of catalytic activity
observed for the FAAH mutants H184Q, H358A, and
H449A, which constitute the only three conserved histidine
residues among rat, mouse, and human FAAHs (51), strongly
suggest that a histidine base does not participate in FAAH’s
catalytic mechanism. Among serine hydrolases, class A
â-lactamases (55), the type I signal peptidases (52), and the
LexA repressor (62) have been found to utilize a non-
histidine base in catalysis. In these unusual cases, a lysine
residue is thought to function as the general base to assist in
nucleophilic attack by the serine hydroxyl. FAAH possesses
three potentially basic residues that are conserved in all
amidase signature enzymes characterized to date: K142,
D237, and R243. If any one of these residues was to function
as FAAH’s catalytic base, its pKa value would have to be
shifted 3-5 units. Such large changes in side chain pKas
are not without precedent, especially within hydrophobic
enzyme active sites or when ion pair dipole interactions are
present. Further characterization of FAAH’s chemical and
kinetic mechanism, as well as high-resolution structural
studies, will likely be required to determine the potential roles
of these residues in FAAH’s catalytic mechanism.

Collectively, these studies suggest that the amidase
signature family constitutes a unique class of serine hydro-
lytic enzymes. Members of this enzyme family are present

in several kingdoms of life, where they perform a number
of important biological functions (1, 7-9, 10). Amidase
signature enzymes display a remarkable variance in their
individual substrate selectivities, ranging from glutamine (8)
to indoleacetamide (7) to fatty acid amides (1), raising
provocative mechanistic and structural questions pertaining
to the impressive evolutionary flexibility of this enzyme
family. Indeed, strains ofFlaVobacteriumandPseudomonas
that have adapted to grow on chemicals produced by nylon
factories have been found to possess novel amidase signature
enzymes capable of selectively hydrolyzing the nylon
byproduct, 6-aminohexanoate-cyclic dimer (63). To better
appreciate how the amidase signature family has evolved to
contain members with such distinct substrate selectivities,
more biochemical and structural studies building on the work
presented here will be required. Finally, the special catalytic
properties exhibited by amidase signature enzymes should
also aid in the design of specific inhibitors targeting
individual members of this family. Such inhibitors for FAAH
would serve not only as valuable research tools, but also as
potential therapeutic agents.
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