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ABSTRACT: Fatty acid amide hydrolase (FAAH) has emerged as a potential target
for developing analgesic, anxiolytic, antidepressant, sleep-enhancing, and anti-
inflammatory drugs, and tremendous efforts have been made to discover potent
and selective inhibitors of FAAH. Most known potent FAAH inhibitors described to
date employ covalent mechanisms, inhibiting the enzyme either reversibly or
irreversibly. Recently, a benzothiazole-based analogue (1) has been described
possessing a high potency against FAAH yet lacking a structural feature previously
known to interact with FAAH covalently. However, covalent inhibition of FAAH by 1
has not been fully ruled out, and the issue of reversibility has not been addressed.
Confirming previous reports, 1 inhibited recombinant human FAAH (rhFAAH) with
high potency with IC50 ∼2 nM. It displayed an apparently noncompetitive and
irreversible inhibition, titrating rhFAAH stoichiometrically within normal assay times. The inhibition appeared to be time dependent,
but the time dependence only improved potency by a small degree (from ∼8 to ∼2 nM). However, mass spectrometric analyses of the
reaction mixture failed to reveal any cleavage product or covalent adduct and showed full recovery of the parent compound, ruling out
covalent, irreversible inhibition. Dialysis revealed recovery of enzyme activity from enzyme−inhibitor complex over a prolonged time
(>10 h), demonstrating that 1 is indeed a reversible, albeit slowly dissociating inhibitor of FAAH. Molecular docking indicated that the
sulfonamide group of 1 could form hydrogen bonds with several residues involved in catalysis, thereby mimicking the transition state.
The long residence time displayed by 1 does not appear to derive exclusively from great thermodynamic potency and is consistent with
an increased kinetic energy barrier that prevents dissociation from happening quickly.

Fatty acid amide hydrolase (FAAH)1 is a member of the
amidase signature serine hydrolases2 and catalyzes

degradation of several fatty acid amide lipid transmitters that
are implicated in behavioral and physiological conditions.3 For
example, anandamide, a cannabinoid receptor 1 (CB1) specific
agonist,4 has been shown to regulate pain, mobility, cognition,
and feeding.3 Genetic knockout5 or biochemical inhibition of
FAAH6 leads to greatly elevated endogenous levels of these
fatty acid amides throughout the nervous system with con-
comitant analgesic,7−11 antidepressant,12,13 anxiolytic,6 sleep-
enhancing,14 memory-acquiring,15 and anti-inflammatory7,16−19

phenotypes. Notably, these phenotypes occur in the absence
of any defects in motility, weight, or body temperature that
are commonly associated with direct application of CB1
agonists,5−7,9−12,18 suggesting that FAAH inhibition may be a
more attractive strategy than direct CB1 agonism.
A variety of structurally diverse FAAH inhibitors have been

described,3,20,21 inhibiting the enzyme by either covalent or
noncovalent mechanisms. Covalent inhibitors dominate the
field and their mechanisms of inhibition are well characterized,
as exemplified by the studies on fluorosulfonates,22,23

fluorophosphonates,24−26 trifluoromethyl ketones,27−29 α-keto
heterocycles,30−32 carbamates,33−37 and arylureas.38−41 While
trifluoromethyl ketones and α-keto heterocycles form reversible
hemiacetal transition state mimetics, fluorosulfonates, fluoro-
phosphonates, carbamates, and arylureas modify the catalytic
serine and therefore are mechanism-based, irreversible
inhibitors. Mainly due to their covalent interaction with the
enzyme,28 these inhibitors display superb potency in vitro, and
some, including α-keto heterocycles,21 carbamates,6,9,11−13,18

and arylureas,41 show efficacy in vivo.
Although covalent inhibitors have shown promise in pre-

clinical models, it remains desirable to identify potent inhibitors
that only utilize noncovalent interactions rather than employ
chemical reactivity, which could in principle lead to potential
off-target liabilities. Early known noncovalent inhibitors of
FAAH, such as NSAIDs42,43 and substrate analogues,44−46 are
far weaker in potency than covalent inhibitors, limiting their
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application in vivo. Recently, a number of pharmaceutical
research institutes have carried out high-throughput screens
against FAAH, but the full scope of these efforts has yet to be
described. Given the lack of structural information on FAAH
complexed with any noncovalent inhibitors, the detailed
mechanism of interaction and therefore how these inhibitors
derive their potency remains poorly understood.
In the current investigation, we conducted kinetic and mass

spectrometric studies on a sulfonamide-containing benzothiazole-
based analogue, 1, which has been described recently as a potent,
low nM FAAH inhibitor.47 This novel FAAH inhibitor does not
possess a covalent “warhead” of known irreversible FAAH
inhibitors, such as fluorophosphonate, α-ketone heterocycle,
carbamate, or arylurea, but contains intriguing structural features
of both an amide and sulfonamide. Although its inhibition of
FAAH does not appear to be time-dependent as reported by
Wang et al.,47 covalent interaction with FAAH has not been fully
ruled out, and the issue of reversibility has not been addressed.
Data from the current study demonstrated that 1 is potent, but
indeed noncovalent and reversible, albeit slowly dissociating,
resulting in the inhibitor displaying a long residence time (t1=2 >
10 h). Detailed analysis of the kinetics and energetics of the
inhibition revealed a two-step, time-dependent inhibition
mechanism with an increased kinetic barrier, rather than an
exclusive, great thermodynamic potency, as the main reason for
the observed long inhibitor residence time.

■ EXPERIMENTAL PROCEDURES

Materials. Tris-HCl, BSA, EDTA, and DMSO were
purchased from Sigma. Anandamide [ethanolamine 1-3H] was
purchased from American Radiolabeled Chemicals. Black 384-well
OptiPlates were purchased from Perkin-Elmer. Slide-A-Lyzer
dialysis cassettes were purchased from Pierce. The benzothiazole
analogue 1 (N-(4-(6-methylbenzo[d]thiazol-2-yl)phenyl)-1-(thio-
phen-2-ylsulfonyl)piperidine-4-carboxamide) and D-AMC were
synthesized at AstraZeneca Pharmaceuticals in Wilmington, DE.
Preparation of Recombinant Human FAAH Mem-

branes. CHO cells adapted to grow in suspension (Life
Technology) were transfected through electroporation with
pLINAZ-hFAAH, which was prepared by subcloning of the
human FAAH cDNA (Origene) into a pLINAZ vector. A CHO
clone with high, stable expression of FAAH activity was chosen
for expansion. Freshly collected cells or frozen cell pellets stably
expressing recombinant human FAAH (rhFAAH) were
suspended in ice-cold buffer (50 mM HEPES, pH 8, containing
1 mM EDTA, 1 mM pepstatin, 100 mM leupeptin, and
0.1 mg/mL aprotinin) and homogenized with a Polytron. The
cell fragments were centrifuged at 1000g, discarding the pellet.
The saved supernatant was centrifuged at 150000g to pellet the
remaining membranes. That pellet was diluted to 35 mg/mL,
aliquoted, snap-frozen in liquid nitrogen, and stored at −80 °C.
Preparation of Humanized Rat FAAH. Humanized rat

FAAH (h/FAAH) was expressed and purified according to
procedures described previously.48

Inhibition Assays of rhFAAH. The enzyme activity of
rhFAAH was measured according to published procedures

with minor modifications by either a fluorescent assay using
D-AMC50 or a radioactive assay using tritium-labeled
anandamide (3H-anandamide)51 as substrate. The assay buffer
was 150 mM Tris-HCl, pH 8.0, containing 0.5 mM EDTA and
1 mg/mL BSA, and these conditions were used throughout
the entire investigation unless specified otherwise. In the
fluorescent assay, 1 μL of DMSO (as control) or inhibitor at a
specified concentration in DMSO was spotted at the bottom of
a well of a black 384-well OptiPlate. Assay buffer (9 μL)
containing a final concentration of 35 μg/mL rhFAAH
membranes was added, and the mixture was incubated for
45 min. Assay buffer (20 μL) containing D-AMC at a final
concentration of 1 μM was added to initiate assay. Incubated at
room temperature (22 °C) for 4 h, the plate was read on an
Envision to measure fluorescent signal in each well. In the
radioactive 3H-anadamide assay, 50 μL of rhFAAH membranes
at a concentration of 1 μg/mL was mixed with 10 μL of buffer
and 40 μL of 25 nM (or specified otherwise) anandamide
[ethanolamine 1-3H] in a 96-well polypropylene plate. The
assay plate was incubated at room temperature for 30 min.
The assay mixture (60 μL) was then transferred onto
prewetted charcoal minicolumns that had been prepared in a
96-well Millipore filter plate. The charcoal-containing filter
plate was stacked on top of a Perkin-Elmer Picoplate and
centrifuged at 500g for 4 min to remove unreacted
anandamide [ethanolamine 1-3H], with the eluate containing
3H-ethanolamine captured in the Picoplate. Assay buffer
(50 μL) without BSA was added to each minicolumn of the
charcoal-containing filter plate, and the plate stack was
centrifuged again. Finally, 200 μL of Microscint-40 was
added to the eluate in the Picoplate, and the plate was read
in a TopCount scintillation counter.
Inhibitor Reversibility Assays. Reversibility of inhibition

was assessed by two different procedures. The first was a
centrifugation and wash procedure. In this procedure, 8 μL of
enzyme at 35 μg/mL (final concentration) and 2 μL of inhibitor
at a specified concentration were incubated in assay buffer at
22 °C for 45 min. The mixture was then diluted 1:100 by adding
990 μL of assay buffer, and this 1 mL initial dilution mixture
was centrifuged at 48000 rpm (100000g) for 30 min. The
supernatant was discarded, and the pellet was resuspended in
1 mL of assay buffer. The suspension was centrifuged again at
48000 rpm for 30 min. The pellet was resuspended in 1 mL of
1 μM D-AMC in assay buffer at 22 °C. Aliquots were
transferred to a black 384-well OptiPlate to read on Envision
after 4 h. In the second procedure, the initial 1 mL dilution
mixture of enzyme−inhibitor complex was prepared in the
same way as in the first procedure, but instead of being put
through the centrifugation and wash procedure, it was placed in
a Slide-A-Lyzer dialysis cassette with a molecular weight cutoff
of 10000. This dialysis cassette was placed in 4 L of assay buffer
that had been pre-equilibrated at 4 °C. An aliquot was with-
drawn using a syringe at different times over a period of 18 h to
determine FAAH activity using the D-AMC assay.
Liquid Chromatography Electrospray Mass Spectro-

metric Assays. To determine product formation and quantify
compound recovery, 2 μL of rhFAAH membranes or CHO cell
membranes (17.5 mg/mL) and 1 μL of inhibitor at a specified
concentration were mixed in 7 μL assay buffer, and the mixture
was incubated at 22 °C for 18 h. The mixture was diluted in
90 μL of acetonitrile, desalted by reverse phase liquid
chromatography (Agilent 1200 Series Rapid Resolution LC
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System), and then injected into an electrospray ionization mass
spectrometry (ESI-MS) apparatus (Agilent 6410 triple quadru-
pole). Product formation was determined by isolating and
identifying fragments of target ions through multiple LC/MS/
MS experiments. Compound recovery was quantified using
a standard concentration curve (r 2 > 0.99) with measurements
made based on peak areas.
To determine covalent adduct formation, 30 μg of recom-

binant h/rFAAH protein was incubated with 80 μM inhibitor at
room temperature for 1 h in 60 μL of 10 mM HEPES, pH 8.0,
containing 100 mM NaCl and 0.002% DDM. The sample
(50 μL) was desalted by reverse phase chromatography
(gradient: 95−0% acetonitrile in water containing 0.5%
trifluoroacetic acid) before injection into an ESI-MS apparatus
(MassLynx (Waters)) in positive ion (ES+) mode. Peak
masses were determined by the MaxEnt Deconvolution software
(Waters).
Computer-Modeling of Interactions of the Benzothia-

zole Analogue 1 with h/rFAAH by Induced Fit Docking.
An induced fit docking exercise was performed using a pro-
cedure based on the Glide 5.0 docking program and the Prime
1.7 protein structure prediction and refinement program from
Schrodinger. The 3D coordinates of the h/rFAAH structure48

for this study were taken from RCSBProtein Data Bank (PDB
code: 2VYA). The protein structure was treated with a standard
protein preparation procedure using the Schro ̈dinger Protein
Preparation Wizard to assign proper bond orders and add
hydrogen atoms to heavy atoms in the PDB file. The benzo-
thiazole analogue 1 was docked into the binding pocket of
h/rFAAH with Glide 5.0, and the top 20 poses were refined with
Prime 1.7 for all the residues located 5 Å from the ligand. This
was followed by redocking 1 into the refined protein structures,
maintaining only the pose with the best docking score.
Data Analysis. IC50 values from inhibition kinetics were

determined by subtracting background from total signal
(fluorescent or radioactive), determining the percentage of
activity (%Act) relative to the maximum values measured in the
absence of inhibitor I, and then fitting %Act as a function of
inhibitor concentration according to eq 1:

(1)

Time-dependent inhibition may be described by the following
kinetic mechanism (eq 2):

(2)

where Ki is the inhibition constant for the binding of inhibitor
and enzyme (E) to form an initial enzyme−inhibitor complex
(EI) and k3 and k4 are the forward and reverse rate constants,
respectively, of the subsequent time-dependent isomerization
that leads to the formation of the enzyme−inhibitor complex
(EI*). Progress curves in an enzyme reaction in the presence of
a time-dependent inhibitor can be then described according to
eq 3:

(3)

where P is product, υi is enzyme initial velocity at t = 0, υs is
enzyme initial velocity at steady state, and kobsd is the observed

rate constant for inhibition. Progress curves analyses were
performed to provide estimates of kobsd and υi. Further analysis
of kobsd according to eq 4 provided estimates of Ki for the initial
binding step and the rate constants k3 and k4:

(4)

assuming [S] ≪ Km. Ki was also estimated by analyzing υi
according to eq 5:

(5)

where υið½I�¼0Þ is initial velocity at [I] = 0.

■ RESULTS

Benzothiazole Analogue 1 Is a Potent, Low nM
Inhibitor of rhFAAH. A number of FAAH assays had been
described in the literature, including a fluorescence assay using
decanoyl 7-amino-4-methylcoumarin (D-AMC) as substrate50

and a radioactive assay using 3H-anandamide as substrate.51 In
the D-AMC assay, cleavage of substrate releases the 7-amino-4-
methylcoumarin (AMC) moiety, allowing measurements of
FAAH activity by monitoring fluorescence derived from AMC.
In the 3H-anandamide assay, the FAAH reaction produces
[3H]ethanolamine, which is then quantified by measuring
radioactivity after separating [3H]ethanolamine from 3H-
anandamide by filtering the assay mixture through charcoal.
Both these assays were used to determine the potency of 1 for
the inhibition of rhFAAH. In the 3H-anandamide assay, 1 gave
an IC50 of 2.0 ± 0.4 nM (Figure 1). Consistent with this data, 1

displayed an IC50 of 2.6 ± 0.6 nM in the fluorescent D-AMC
assay (Figure 1). These data confirmed the high potency (1.7 nM)
of 1 as reported previously.47

Benzothiazole Analogue 1 Appears To Inhibit
rhFAAH Noncompetitively. To determine the mode of
inhibition of rhFAAH by 1, inhibitor concentration−response
curves were determined at several 3H-anandamide concen-
trations both below and above the Km (1.4 ± 0.3 μM,
unpublished data). Increased concentrations of substrate did
not seem to appreciably reduce the potency of 1 (Figure 2). As
listed in Table 1, the IC50 for 1 increased less than 3-fold over
the substrate concentration range of 0.078−10 μM (concen-
trations greater than 10 μM were not used in this experiment as

Figure 1. Plots of percent inhibition (%Inh) of rhFAAH against the
concentration of benzothiazole analogue 1. Potency of the
benzothiazole analogue 1 was assessed at pH 8.0 and 22 °C with a
radioactive assay using 3H-anandamide (○) and a fluorescent assay
using D-AMC (◻).

Biochemistry Article

dx.doi.org/10.1021/bi200552p |Biochemistry 2011, 50, 6867−68786869



substrate inhibition started to take place beyond this substrate
concentration, unpublished observation), indicating that inhibition
of rhFAAH by 1 under these conditions could not be strictly
competitive. Usually noncompetitive inhibition derives from
binding of inhibitor at a pocket separate from active site. However,
nonequilibrium conditions, such as irreversible inhibition, can lead
to an apparent noncompetitive inhibition pattern despite binding of
inhibitor at the active site. The second possibility warranted
additional tests given the precedents of covalent irreversible
inhibitors for this enzyme and theoretical potential of amides or
sulfonamides to act by covalent mechanisms.
Preincubation and Dilution Fails To Recover rhFAAH

Activity. A commonly used approach to assessing reversibility
of inhibition is a preincubation and dilution procedure, where
enzyme is preincubated with inhibitor to form the enzyme−
inhibitor complex and then diluted into an assay solution,
reducing inhibitor concentration below its IC50. If enzyme
activity recovers after dilution, the inhibition must be reversible.
If it does not, the result suggests, but does not prove,
irreversibility. Membranes of rhFAAH were preincubated for
45 min with 1 μM of 1, conditions that would result in
formation of a fully occupied enzyme−inhibitor complex. The
preincubation mixture was then subjected to a wash and
centrifugation protocol leading to a total 1000000-fold dilution
of inhibitor or a final inhibitor concentration of 0.001 nM, a
value ∼2000-fold less than the IC50 for 1. The same procedure
was performed with two well-documented potent reference
compounds URB597, a carbamate inhibiting FAAH covalently
and irreversibly,35 and OL-135, an α-keto-heterocycle that is a
covalent reversible inhibitor of FAAH.30 As shown in Figure 3,
FAAH activity did not recover from preincubation and dilu-
tion with URB597, whereas it fully recovered from the same
experiment with OL-135, results consistent with the known

mechanistic properties of these inhibitors. The benzothiazole
analogue 1 behaved similarly to URB597 in this procedure,
increasing our suspicion that this inhibitor might be no different
from many other potent FAAH inhibitors, interacting with the
enzyme covalently and inhibiting FAAH irreversibly.
Benzothiazole Analogue 1 Titrates rhFAAH. To rule

out traces of chemically reactive contaminants in 1 as the
reason for the observed failure to recover FAAH activity using
preincubation and dilution as described above, enzyme titration
kinetics was carried out. In this procedure, enzyme at varying
concentrations is incubated with inhibitor at a fixed
concentration. Plotting enzyme activity as a function of enzyme
concentration reveals a turning point, which corresponds to the
concentration of enzyme inhibited by an equimolar concen-
tration of the test compound (assuming stoichiometric
formation of an enzyme−inhibitor complex). Since the
rhFAAH used in the mechanistic investigation was not purified
and the actual enzyme concentration in the membrane
preparation was unknown, the enzyme titration kinetics were
run with 1 as well as the irreversible inhibitor URB597 as a
control. If the inhibition by 1 is due to a minor contaminant,
this sample would show a turning point at a much lower
membrane concentration compared to URB597. If inhibition is
not due to a contaminant, then 1 and URB597 would show
turning points at the same membrane concentration, and this
would represent the amount of membrane preparation that
contained the same molar concentration of rhFAAH enzyme
as inhibitor. As shown in Figure 4, 25 nM 1 and URB597
produced very similar titration plots with turning points at
a virtually identical membrane concentration (258 and
268 μg/mL, respectively). These results strongly argue against
the possibility of trace amount of chemically reactive
contaminants present in 1 as the reason for the observed
failure of FAAH activity to recover by the preincubation and
dilution procedure.
The enzyme titration data described above also revealed that

1 μg/mL membrane preparation contained about 0.1 nM
rhFAAH. Since the final membrane protein concentration used
in the fluorescent D-AMC assay was 35 μg/mL, the molar
enzyme concentration used in the inhibition studies would
be calculated to be about 3.5 nM according to this enzyme
titration data. This raised the possibility that the actual potency
of compound 1 might have been underestimated by using this

Figure 2. Plots of percent inhibition (%Inh) of rhFAAH against the
concentration of benzothiazole analogue 1 at various concentrations of
anandamide. Potency of the benzothiazole analogue 1 was assessed at
pH 8.0 and 22 °C with a radioactive assay using 3H-anandamide at
0.078 (○), 0.16 (△), 0.31 (▽), 0.63 (◻), 1.3 (◇), 2.5 (⬡), 5.0 (+),
and 10 μM (×) concentrations.

Table 1. Summary of IC50 Values for Benzothiazole
Analogue 1 at Different Substrate Concentrationsa

[3H-anandamide], μM IC50, nM [3H-anandamide], μM IC50, nM

0.078 2.0 ± 0.4 1.3 2.5 ± 0.4
0.16 2.1 ± 0.3 2.5 5.1 ± 1.6
0.31 2.0 ± 0.4 5.0 5.1 ± 1.7
0.63 2.3 ± 0.4 10 3.8 ± 2.1

aThe values were obtained through least-squares analysis (eq 1) of
concentration-response data produced using the 3H-anandamide assay
at pH 8.0 and 22 °C.

Figure 3. Recovery of rhFAAH activity after incubation with
inhibitors. Membranes of rhFAAH at 35 μg/mL (final concentration)
were incubated with 1 μM inhibitor at pH 8.0 at 22 °C for 45 min.
The mixture was then diluted and centrifuged to remove excess
inhibitor. The pellet was resuspended and measured for enzyme
activity using the D-AMC assay. The activities recovered were plotted
as percent of control where enzyme was incubated in the absence of
inhibitor.
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assay format given that the apparent IC50 of 2.6 nM was close
to the actual molar concentration of enzyme. However, in the
[3H]-anandamide assay, the membrane protein concentration
used was only 1 μg/mL, which would be equivalent to 0.1 nM
given the enzyme titration result. The IC50 of 2 nM determined
using this assay was therefore unlikely an underestimate due to
enzyme titration.
Inhibition of rhFAAH by 1 Is Time-Dependent. The

apparent noncompetitive inhibition, the observed failure for
rhFAAH activity to recover from preincubation and dilution,
and kinetic titration of rhFAAH by 1 would be consistent with
the compound being a covalent, irreversible inhibitor of
rhFAAH. However, according to Wang et al.,47 inhibition of
FAAH by 1 did not appear to be time-dependent, suggesting a
reversible mechanism. Given this potential discrepancy, time-
dependent inhibition kinetic experiments were performed with
rhFAAH and 1. As shown in Figure 5A, progress curves of
rhFAAH obtained using the D-AMC assay method were linear
with time in the absence of inhibitor but curved in the presence
of URB597, indicating time-dependent inhibition of rhFAAH
by the compound, which is consistent with the nature of the
compound acting as a covalent, irreversible inhibitor of FAAH.35

Analysis of data according to eq 3 assuming the reaction being
apparently irreversible (υs = 0) provided estimates of kobsd, the
observed inhibition rate constant, and υi, the initial velocity
of rhFAAH at t = 0. Reanalysis of kobsd according to eq 4
assuming the apparent irreversibility (k4 = 0) (Figure 5B)
yielded estimates of the inhibition rate constant k3 (0.029 ±
0.001 min−1, Table 2) and the Kið1Þ for the initial binding of
URB597 to rhFAAH (2.0 ± 0.3 μM, Table 2). A Ki value of
3.5 ± 0.6 μM (Table 2) was also obtained through reanalysis of
υi according to eq 5 (Figure 5C). These data indicate that
URB597 is a relatively poor binder of rhFAAH for the first initial
binding step, consistent with previous findings,53 and its high
overall potency as documented in the literature is mainly derived
from the subsequent covalent modification of the enzyme. The
progress curves obtained with 1 were also indicative of time-
dependent inhibition of rhFAAH by this inhibitor (Figure 6A).

Subsequent reanalyses of kobsd (Figure 6B) and υ0 (Figure 6C)
according to eqs 4 and 5 yielded respectively a Ki of 7.7 ± 3.4 and
8.4 ± 6.4 nM (Table 2) for the initial inhibitor binding step, values
that were, however, quite close to its apparent overall potency
(2.6 ± 0.6 nM, Table 1).
The reason for the discrepancy in time-dependent inhibition

of rhFAAH by 1 in the current study and that reported by
Wang et al.47 is not clear. In Wang et al.,47 time dependence
of inhibition was assessed by measuring IC50 over time, a
procedure that may not be as sensitive as progress curves
analysis for time-dependent inhibitors for which the time-
dependent events improve potency by a relatively small margin
as in the case of 1. Given the fact that covalent and irreversible
inhibition in general is time-dependent, the apparent behavior
of time dependence observed in our current investigation
would seem to be consistent with, but in itself would not
necessarily prove, irreversible inhibition.

Figure 4. Titration of rhFAAH by the benzothiazole analogue 1 and
URB597. Membranes of rhFAAH at different concentrations were
incubated at pH 8.0 and 22 °C for 1 h in the absence of inhibitor (○)
or with 25 nM 1 (△) or URB597 (◻). The enzyme activities were
determined by measuring initial rates (υ), which were then plotted
against enzyme concentration. In the absence of inhibitor, the plot was
linear, whereas in the presence of inhibitor the initial rates were flat for
enzyme concentrations up to 258 and 268 μg/mL respectively for 1
and URB597 and became linear with higher enzyme concentrations.
The enzyme concentrations at these turning points are equivalent to
the concentration of inhibitor in the preincubation mixture, thereby
providing an estimate of the molar concentration of enzyme used in
assay.

Figure 5. Time-dependent inhibition of rhFAAH by URB597. Time-
dependent inhibition kinetics with URB597 were determined by
progress curves analysis at pH 8.0 and 22 °C using the D-AMC assay.
(A) Enzyme progress curves were obtained at 12 different inhibitor
concentrations, and only curves with inhibitor concentrations of 0
(the top curve), 1.2 (the middle curve), and 100 μM (the bottom
curve) are shown for clarity. Data were fit to eq 3 (assuming υs = 0) to
determine initial rates at t = 0 (υi) and observed inhibition rate
constants (kobsd). (B) Percent inhibition (%Inh) as calculated based
on υi was plotted against inhibitor concentration to determine IC50
for the initial binding step (IC50ðt¼0Þ) according to eq 2. (C) Values
of kobsd were analyzed using eq 4 (assuming k4 = 0) to calculate
the inhibition rate constant k3 and provide an estimate of IC50ðt¼0Þ as
well.
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Liquid Chromatography Mass Spectrometry Demon-
strates Full Recovery of 1 and Fails To Identify Any
Cleavage Product or Covalent Adduct from the Enzyme
and 1 Incubation Mixture. Membranes of rhFAAH at
3.5 mg/mL were incubated with 1 μM inhibitor overnight and
then subjected to liquid chromatography mass spectrometric
analysis. When the rhFAAH membranes were incubated with
the irreversible carbamate URB597, ∼60% of the parent
compound was recovered (Figure 7). According to the estimate

(1 μg/mL ≈ 0.1 nM) of the molar concentration of enzyme in
the incubation mixture by enzyme titration experiments as
described above, of the 1 μM URB597 used in the incubation
mixture, 0.35 μM would have been bound to rhFAAH.
Therefore, the ∼60% recovery of URB597 from the enzyme
and inhibitor incubation mixture was almost fully accounted for
by assuming a stoichiometric, covalent binding of the inhibitor
to enzyme. Subsequent analysis of the denatured supernatant
through LC/MS/MS also confirmed formation of the expected
carbamate cleavage product as reported previously35 (data not
shown). When the rhFAAH membranes were incubated with 1,
however, virtually all parent compound was recovered from
denatured enzyme−inhibitor complex (Figure 7). Further
analysis of the denatured supernatant did not identify products
that would derive from cleavage of 1 if it had acted as a covalent
irreversible inhibitor with cleavage at the amide or sulfonamide
bond (data not shown).
Mass spectrometric procedures were also performed to

determine if a covalent adduct or intermediate might have
formed in the enzyme and inhibitor incubation mixture. In this
case, purified humanized rat FAAH (h/rFAAH) was incubated
with inhibitor for 1 h before the incubation mixture was
subjected to mass spectrometric analyses. When URB597 was
used in this procedure, a molecular species with a mass unit of
61774 Da was identified (Figure 8B). That was a gain of 126
mass units compared to the apparent mass of h/rFAAH, an
observation fully consistent with reported results where
UBR597 carbamylates the enzyme.35 If 1 had acted similarly,
one would expect a molecular weight gain of either 259 (cleavage

Table 2. Summary of Time-Dependent Inhibition Properties of URB597 and Benzothiazole Analogue 1a

Ki , μM

compd k3, min−1 from υi from kobsd geomean

URB597 0.029 ± 0.001 3.5 ± 0.6 2.0 ± 0.3 2.7 ± 0.4
1 0.018 ± 0.002 0.0077 ± 0.0034 0.0084 ± 0.0064 0.0080 ± 0.0047

aNonlinear squares analysis of data from progress curves using the D-AMC assay to eq 3 assuming υs = 0 was performed to obtain estimates of kobsd,
the observed rate constant for inhibition, and υi , the initial velocity at t = 0, at various inhibitor concentrations. Subsequently, analysis of υi and kobsd
according to eq 4 (assuming k4 = 0) and eq 5 yielded estimates for the values for the initial inhibitor binding step and the inhibition rate constant k3
for the step following initial binding of inhibitor.

Figure 6. Time-dependent inhibition of rhFAAH by the benzothiazole
analogue 1. Time-dependent inhibition kinetics with 1 were determined
by progress curves analysis at pH 8.0 and 22 °C using the D-AMC assay.
(A) Enzyme progress curves were obtained at 12 different inhibitor
concentrations, and only curves with inhibitor concentrations of 0 (the
top curve), 1.2 (the middle curve), and 100 μM (the bottom curve) are
shown for clarity. Data were fit to eq 3 (assuming υs = 0) to determine
initial rates at t = 0 (υi) and observed inhibition rate constants (kobsd). (B)
Percent inhibition (%Inh) as calculated based on υi was plotted against
inhibitor concentration to determine IC50 for the initial binding step
(IC50ðt¼0Þ) according to eq 2. (C) Values of kobsd were analyzed using eq
4 (assuming k4 = 0) to calculate the inhibition rate constant k3 and
provide an estimate of IC50ðt¼0Þ as well.

Figure 7. Percent of recovery of the benzothiazole analogue 1 and
URB597 from preincubation with rhFAAH as measured by mass
spectrometry. Membranes of rhFAAH (3.5 mg/mL) were incubated
with inhibitor (1 μM) pH 8.0, at 22 °C overnight and then subjected
to liquid chromatography mass spectrometric analysis. After denaturing
of the incubation mixture, ∼60% of URB597 was recovered,
corresponding to a loss of ∼0.4 μM inhibitor due to a close to
stoichiometric covalent binding of inhibitor to enzyme since 35 mg/mL
membranes in the incubation mixture was estimated to contain ∼0.35 μM
rhFAAH according to enzyme titration. Recovery of 1 was close to 100%,
suggesting that it was not covalently bound to enzyme.
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at the amide bond) or 148 (cleavage at the sulfonamide bond) mass
units. However, none of these species were visible in the mass
spectrometric analyses, and only a species (61552 Da) consistent
with the apoenzyme was visible (Figure 8A). These data, although
in themselves do not necessarily rule out covalent adduct formation
during preincubation with enzyme and subsequent adduct
disintegration during mass spectrometry analysis, are consistent
with the conclusion of noncovalent inhibition derived from the
observations of no cleavage product formation and full recovery of
the parent compound from enzyme−inhibitor incubation mixtures.
Benzothiazole Analogue 1 Dissociates Slowly from

Enzyme−Inhibitor Complex. Now that covalent irreversible
inhibition of rhFAAH by 1 had been ruled out by the mass
spectrometric analyses, the only conceivable interpretation of
the apparent irreversible kinetics in the D-AMC assay with 1
observed at the beginning of this investigation would seem to

be the result of a very slow dissociation rate, too slow to show
characteristics of reversible kinetics during the 4 h assay time of
the D-AMC assay. To evaluate this possibility, rhFAAH and 1
were preincubated for 1 h and then dialyzed for 18 h. As shown
in Figure 9, the enzyme activity recovered, albeit very slowly,

demonstrating that the inhibition of rhFAAH by 1 was indeed
kinetically reversible.
Do Benzothiazoles Represent a New Class of FAAH

Inhibitors That Are Transition-State Analogues?
Through computer modeling comparing hypothetical binding
modes of 1 and the covalently attached methoxy arachidonyl
phosphonate in the rFAAH crystal structure,51 Wang et al.
postulated that the sulfone in 1 could mimic the tetrahedral
hemiacetal at the covalent attachment site for α-ketone
heterocycles without forming a covalent bond with the catalytic
serine,47 thereby acting in essence as a transition-state analogue
of the enzyme. Since enzymes catalyze biochemical reactions by
stabilizing transition state, this hypothesis of 1 acting as a transi-
tion state analogue would help explain why this noncovalent,
reversible inhibitor inhibits FAAH with such a high potency.
According to known crystal structures,48,51 the FAAH active

site contains a long acyl chain binding pocket that is part of a
longer substrate entry tunnel and a shorter, polar amine
product exit tunnel oriented at about an 80° angle from the acyl
chain binding pocket, with the catalytic triad located at the
corner connecting the two tunnels.51 The catalytic site is also
the location of two amide nitrogens from Ile-238 and Gly-239
that are seen hydrogen-bonded to the phosphono oxygen of the
covalently attached methoxy arachidonyl phosphonate in
the rFAAH crystal structure51 or to the carbonyl oxygen of
the covalently attached arylurea PF-750 in the h/rFAAH crystal
structure.48 This backbone hydrogen-bonding contribution was
also observed from Monte Carlo simulations for α-keto oxazole
derivatives covalently bound to the enzyme.30 Such a hydrogen-
bonding interaction suggests that these two amide nitrogens
function as an “anion hole” that helps neutralize the evolving
hemiacetal oxyanion during catalysis, thereby stabilizing the
transition state.
Molecular modeling to dock 1 into the crystal structure of

h/rFAAH was performed using an induced fit procedure to

Figure 8. Data from electrospray ionization mass spectroscopic analysis
of purified recombinant h/rFAAH incubated with the benzothiazole
analogue 1 and URB597. Purified h/rFAAH was incubated at pH 8.0
and 22 °C with 1 for 1 h, and the mixture was denatured and subjected
to electrospray ionization mass spectrometry (ESI-MS) analysis. This
ESI-MS experiment yielded a peak with a mass of 61552 Da (A), a
value within the normally observed variation between 61548 and 61552
Da for h/rFAAH. Preincubation with URB597 yielded a modified
enzyme with a mass increase of 126 Da (B), consistent with formation
of a covalent adduct derived from cleavage of URB597.

Figure 9. Recovery of rhFAAH activity by dialysis of the enzyme−
inhibitor complex formed from incubation of rhFAAH and the
benzothiazole analogue 1. Membranes of rhFAAH at 35 μg/mL (final
concentration in assay) were incubated in the presence or absence of
1 μM of 1 at pH 8.0 and 22 °C for 1 h. The mixture was then diluted
and centrifuged to remove excess inhibitor. The pellet was resuspended
and the suspension placed in a dialysis cassette. This dialysis cassette
was placed in 4 L of assay buffer that had been pre-equilibrated at 4 °C.
An aliquot was withdrawn using a syringe at different times to
determine FAAH activity using the D-AMC assay over a period of 18 h.
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provide additional insights into the structural features of 1
binding at the active site. This docking procedure allows a
limited degree of movements for the enzyme, thereby providing
possibly a more accurate presentation of the docked complex
than a simple, one-step docking method. Figure 10A shows the

overall topology of the docked 1 structure, with the thiophene
moiety occupying the product exit tunnel and the portion
containing the benzothiazole group traversing much of the acyl
chain binding pocket. In this docked structure, both the
catalytic serines, Ser-241 and Ser-217, form hydrogen bonds
with one sulfone oxygen while each of the postulated “anion
hole” nitrogens of Ile-238 and Gly-239 provide hydrogen bonds
to the other sulfone oxygen (Figure 10B). Such a strong
hydrogen-bonding network engaging the sulfonamide group is
analogous to transition state stabilization during the FAAH
catalysis and may explain, at least in part, why 1, a reversible
noncovalent inhibitor, inhibits rhFAAH with great potency.

■ DISCUSSION

A primary objective of the current investigation was to elucidate
the mechanism of inhibition of FAAH by the benzothiazole
analogue 1, a potent, low nM inhibitor with an intriguing
structure containing both an amide and a sulfonamide moiety.47

A key question to address was whether this potent molecule
inhibits FAAH irreversibly and/or by covalent interactions.
Two pieces of data were presented by Wang et al.47 to

suggest that the inhibition of FAAH by benzothiazole analogues
may not be covalent in nature. The first was based on the
observation that the inhibition of FAAH did not appear to be
time dependent. Although time dependence is often associated
with covalent inhibition, the lack of time dependence in itself

does not necessarily rule out covalent inhibition. The second
argument was derived from the observation that converting
the amide carbonyl to a methylene group did not perturb the
potency of the compound, suggesting that this inhibitor
employs a mechanism different from the mechanism for
activated ketones where formation of a hemiacetal covalent
adduct with the catalytic serine residue is the main force driving
the potency of such inhibitors. However, the potency of the
compound appeared to depend greatly upon the presence of
the sulfonyl group of 1, leaving open the possibility of covalent
interactions between FAAH and 1 through this sulfonamide
moiety. Although covalent modification through sulfonamides
is rare, it is theoretically possible and would not be totally
surprising in this case given that molecules chemically stable
under normal conditions, such as arylureas, can act as covalent
inhibitors of this particular enzyme. The answer to this question
is important for drug discovery efforts in that should the
inhibition be indeed reversible and noncovalent it would
validate efforts pursuing noncovalent reversible drug candidates
targeting FAAH, a strategy generally favored in conventional
drug discovery processes.
In the current investigation, the failure to observe the

formation of covalent enzyme−inhibitor adduct (Figure 8) or
putative cleavage product (Figure 7) using electrospray MS
techniques provided strong physical evidence against covalent
inhibition of FAAH by 1. Recovery of enzyme activity of FAAH
preincubated with 1 through a dialysis procedure demonstrated
unequivocally that the inhibition of FAAH by 1 is kinetically
reversible. Although the compound displayed noncompetitive,
time-dependent, and apparently irreversible inhibition from a
preincubation and dilution procedure, all these characteristics
of seemly covalent and irreversible inhibition could be
explained as arising from the nonequilibrium conditions as a
result of the assay time (4 h) being shorter than the residence
time of the inhibitor (>11.6 h, Figure 9).
While most known FAAH inhibitors are covalent and

irreversible, a number of reversible FAAH inhibitors have
been reported recently,52,54 although it is not known whether
they act via a covalent or noncovalent mechanism. Never-
theless, 1, possessing a single digit nM potency, is by far the
most potent noncovalent and reversible inhibitor of FAAH
described to date. This high potency may be related to the
nature of the interaction of 1 adopting a transition state with
the residues involved in the catalytic “anion hole” as suggested
through a computational analysis of 1 docked into the active
site of FAAH (Figure 10). The notion of 1 acting as a transition
state analogue is a new concept for the FAAH inhibition and,
if proven to be true, would open the door to developing novel
FAAH inhibitors by targeting the catalytic hydrogen-bonding
network involving not only the catalytic serines but also the
“anion hole” amide nitrogens.
It is interesting that 1, noncovalent and reversible without

being exceedingly potent (IC50 ∼ 2 nM), displays a very long
residence time (t1=2 > 11.6 h). For a reversible inhibitor to
display such a long residence time, it generally requires the
inhibitor to possess a high thermodynamic potency if the long
residence time is purely potency driven. This is understood
theoretically assuming a one-step binding mechanism where the
association rate constant kon is diffusion-controlled. For
example, an inhibitor with a t1=2 = 10 h or the dissociation
rate constant koff = 0.000019 s−1 would require the Kd to be as
low as 1.9 pM, assuming a kon of 107 M−1 s−1. Several drugs

Figure 10. Molecular modeling by docking of the benzothiazole
analogue 1 into the h/rFAAH active site. The benzothiazole analogue 1
was docked into the h/rFAAH active site through an induced fit docking
procedure, producing a structure where both the catalytic serines, Ser-
241 and Ser-217, form a hydrogen bond with a sulfone oxygen while
two backbone residues Ile-238 and Gly-239, postulated to act as an
“anion hole”, provide a hydrogen bond to the other sulfone oxygen.
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known to have very long residence times fall in this
category.55−57 The same argument also applies to inhibitors
with a two-step binding mechanism where the second step is
fast and not rate-limiting (see below). Compound 1 clearly
represents a different class of long residence time inhib-
itors,55−57 those having a two-step mechanism (eq 6):

(6)

with the second step being relatively slow and rate-limiting
(Figure 6).
For such an inhibition mechanism, the overall potency

KiðoverallÞ of the compound is given by eq 7:

(7)

where K2 = k4/k3. The initial inhibition constant Ki (k2/k1) of
8 nM and the rate constant k3 of 0.018 min−1 (Table 2) for
compound 1 were determined assuming the second step was
irreversible, which is a reasonable approximation given the
observed long residence time (Figure 9) . The t1=2 for the
overall dissociation was ∼11.6 h (Figure 9), which would
translate into a koff value of ∼0.0010 min−1. For a two-step
process, the koff is given by eq 8:56

(8)

Assuming a relatively small k3 and k4 compared to k2, eq 8 is
reduced to koff ≈ k4 ∼ 0.0010 min−1. Thus, K2 may be
calculated using k3 (0.018 min−1) and the estimated k4
(∼0.0010 min−1) to be ∼0.056. With this K2 value and the
determined Ki of 8 nM (Table 2), the KiðoverallÞ can be
estimated using eq 7 to be ∼0.43 nM. This calculated value is
∼5-fold less than the IC50 values determined using either the
D-AMC assay (2.6 nM) or the [3H]-anandamide assay (2 nM).
This discrepancy is likely a result of enzyme titration in the D-
AMC assay as the effective enzyme concentration in this assay
was estimated to be 3.5 nM (see in Results section), a value
close to the apparent IC50, and the relatively short assay time
(30 min) in the [3H]-anandamide assay that was comparable to
the time scale for inhibitor association (t1=2 = 39 min as
calculated from the k3 value, Table 2).
While this calculated KiðoverallÞ value of 0.43 nM is by far

the most potent among known reversible, noncovalent
FAAH inhibitors, it is probably 2 orders of magnitude
weaker than what might be necessary for a compound to
derive a t1=2 > 10 h purely from thermodynamic potency as
discussed above. Clearly, in the inhibition of FAHH by 1, the
observed long residence time is related to the relatively slow
second step, which corresponds to a kinetic barrier that is
higher than that of the diffusion-controlled association of
inhibitor and enzyme.
The contribution from increased kinetic energy barriers to

the observed residence time may be illustrated by an analysis of
the energetics of the binding reaction for a two-step mechanism
as depicted in Figure 11. Assuming a diffusion-controlled
association of enzyme and inhibitor, if the kinetic energy barrier
for the second step (transition state 2 (TS2)) is insignificant com-
pared to the kinetic barrier to the first step (TS1) (k3 ≫ k2), the

effective kinetic energy barrier to the overall dissociation (ΔGkoff )
would be approximated by the sum of the kinetic energy barrier
to dissociation of EI (ΔGk2 ) and the thermodynamic energy
required for the formation of EI* from EI (ΔGK2 ). Accordingly,
the effective dissociation rate constant (eq 8) would be
approximated by eq 9 given a large k3 compared to k2 and k4:

(9)

In energy terms, eq 9 may be expressed as

(10)

which is the sum of the kinetic energy barrier to the dissociation
of EI and the thermodynamic energy for the formation of EI*
from EI. In this case, a very high potency (i.e., in the pM range) is
generally required for the inhibitor to display a very long
residence time just as inhibitors of diffusion-controlled one-step
binding. On the other hand, if the second step is slow and rate-
limiting as in the inhibition of FAAH by 1, eq 8 becomes

(11)

and the energy barrier to dissociation would then be given by

(12)

which is the kinetic energy barrier (TS2) increased over that for
the initial binding (TS1) due to the slow, time-dependent second
step. With potency being constant, the slower the second step,
the longer the residence time would be. With a rate-limiting and
relatively slow second step, compound 1 fits nicely in this class of
long residence time inhibitors, displaying a very long residence
time (t1=2 > 11.6 h) without possessing an exceedingly high
thermodynamic potency.
It has been recognized55,56 that a long drug residence can be

achieved by increased kinetic barrier due to time-dependent
rate-limiting steps in a multiple-step binding reaction. Our
results demonstrate that only a moderately slow time-
dependent binding step (t1=2 = 38 min calculated using k3 =
0.018 min, Table 2) is sufficient for an inhibitor such as 1 to
display a very long residence time (t1=2 = 11.6 h) even though
their thermodynamic potency is not exceedingly high. For a

Figure 11. Energy diagram of two-step binding reaction. The energy
states are indicated for the free enzyme and inhibitor (E + I), the initial
enzyme−inhibitor complex EI, and the final enzyme−inhibitor
complex EI*. The free energies ΔGk2 , ΔGk3 , and ΔGk4 represent
kinetic energy barriers for dissociation of EI, formation of EI*, and
dissociation of EI*, respectively. The free energy ΔGK2 represents the
thermodynamic energy of the equilibrium between EI and EI*. TS1
and TS2 represent respectively the transition state for the initial
binding and the transition state for the conversion of EI to EI*.
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long residence time inhibitor to show efficacy in vivo, the
lifetime of the drug in circulation (e.g., 5 h) needs to be longer
than the time for inhibitor binding to the target (38 min for 1),
but can be much shorter than the residence time (11.6 h for 1).
Thus, the duration of pharmacological effect can greatly exceed
the lifetime predicted from circulating drug levels. The
extended duration of action in vivo means that a reduced
dosing schedule can achieve the desired therapeutic effect,
which might also provide a more favorable safety profile if off-
target adverse effects are a concern. Compound 1 displays a
unique mechanistic profile as a long residence time FAAH
inhibitor that does not covalently modify the active site serine.
The structural features that underpin its interaction with FAAH
offer new avenues into the development of compounds with
potential for long-lasting modulation of endocannabinoid tone
in disease states.
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