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ABSTRACT: The serine hydrolase, fatty acid amide hydrolase
(FAAH), is responsible for the intracellular degradation of
anandamide and other bioactive fatty acid ethanolamides
involved in the regulation of pain, inflammation, and other
pathophysiological processes. The catalytic site of FAAH is
composed of multiple cavities with mixed hydrophobic and
hydrophilic properties, the role of which remains incompletely
understood. Anandamide is thought to enter the active site
through a “membrane-access” (MA) channel and position its
flexible fatty acyl chain in a highly hydrophobic “acyl chain-
binding” (AB) cavity to allow for hydrolysis to occur. Using
microsecond molecular dynamics (MD) simulations of FAAH
embedded in a realistic membrane/water environment, we
show now that anandamide may not lock itself into the AB cavity but may rather assume catalytically significant conformations
required for hydrolysis by moving its flexible arachidonoyl tail between the MA and AB cavities. This process is regulated by a
phenylalanine residue (Phe432) located at the boundary between the two cavities, which may act as a “dynamic paddle.” The
results identify structural flexibility as a key determinant by which FAAH recognizes its primary lipid substrate.

■ INTRODUCTION

Fatty Acid Amide Hydrolase (FAAH) is an intracellular serine
hydrolase responsible for the hydrolysis of a family of naturally
occurring fatty-acid ethanolamides,1 which include endogenous
agonists of cannabinoid receptors, such as anandamide (Figure
1),2−4 and peroxisome proliferator-activated receptor-α (PPAR-
α), such as oleoylethanolamide (OEA) and palmitoylethano-
lamide (PEA).5−7 Pharmacological inhibition of FAAH activity
magnifies and prolongs the biological actions of these lipid-
derived messengers, offering a potential strategy to treat
pathological conditions such as pain, addiction, and inflamma-
tion.8−14

FAAH exists as a membrane-bound homodimer, each
monomer of which comprises two transversal helices
(α18−α19) and a transmembrane (TM) domain located in
the N-terminal portion of the protein (Figure 1).15,16 Substrate
hydrolysis occurs in the core of each monomer and is catalyzed
by an unconventional triad consisting of amino acid residues
Ser241 (the catalytic nucleophile), Ser217, and Lys142.17−20

Substrates such as anandamide are thought to reach this inner
region of the enzyme by ascending an amphipathic “membrane
access” (MA) channel, which opens at the interface with the

lipid bilayer.17,21,22 Two charged amino acid residues present in
the channel, Asp403 and Arg486, may facilitate this desorption
process by interacting with the ethanolamine headgroup of
anandamide. A second channel, termed the “cytoplasmic port”
(CP), leads from the catalytic pocket to the cytosol and likely
provides an exit path for ethanolamine after hydrolysis has
occurred. A third S-shaped cavity departs from the catalytic
pocket to form a narrow hydrophobic opening called the “acyl
chain-binding” (AB) channel. X-ray crystallography studies
have shown that this cavity binds the highly flexible acyl chain
of the covalent FAAH inhibitor, methyl arachidonyl fluoro-
phosphonate (MAFP),17 suggesting that it might accommodate
the analogous portion of anandamide during catalysis. Arguing
against this possibility, however, are data showing that FAAH
can hydrolyze elongated analogues of anandamide that do not
fit well into the narrow space provided by the AB channel.23 An
alternative possibility is that FAAH’s catalytic nucleophile,
Ser241, might attack the carbonyl group of anandamide while
the acyl chain of this compound is still in the MA channel or at
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the boundary between the MA and AB channels, to be then
released into the lipid bilayer upon completion of the catalytic
cycle.
In 2008, a new “humanized” X-ray structure of the FAAH

protein [h/rFAAH (PDB code: 2VYA)]24 was resolved with
the piperidine aryl-urea inhibitor PF-750 covalently bound to
Ser241. This h/rFAAH structure contains six mutations of
amino acids located in the rat FAAH (rFAAH) binding site.
These six amino acids were mutated into those found in the
human FAAH protein sequence (namely, L192F, F194Y,
A377T, S435N, I491V, and V495M), which shares ∼82% of
sequence identity with the rFAAH. One remarkable difference,
however, between the rFAAH and h/rFAAH structure exists at
the interface between the AB and MA channels, where a key
residue (Phe432) was rotated by about 80° along the Cα−Cβ
axis, due to the presence of PF-750 in the h/rFAAH structure.
Therefore, the Phe432 phenyl ring in h/rFAAH is placed into
the AB channel, as opposed to its location in MA, as in the
rFAAH structure.17 This has led to the suggestion that Phe432
might act as a “dynamic paddle” that directs the FAAH
substrates in the active conformation in either AB or MA
binding channels during catalysis.24 A possible cooperative role
was also suggested for the residue Trp531,25 which engages
aromatic T-shaped interactions with Phe432.17,24

The mechanistic details of FAAH reactivity and inhibition
were investigated using computational methods by the groups
of Mulholland18,26−31 and Jorgensen.20,32,33 Briefly, the catalytic
mechanism of FAAH starts with Lys142, which initiates a
“proton shuttle” mechanism that involves Ser217. This is a
concerted20,31 or quasi-concerted18 process that activates
Ser241, forming the acyl-enzyme adduct (Scheme S1). Then,
a second proton transfer involving Ser217 and Lys142 leads to
protonation, and subsequent exit, of the substrate leaving

group. This mechanism is also supported by mutagenesis
studies, which indicate that Lys142 acts as a general base in the
catalytic process.19 The catalytic cycle terminates with the
attack of a water molecule on the acyl-enzyme adduct, causing
its deacylation and subsequent release of the final product (fatty
acid), and the restoration of the initial protonation state and
ordered H-bond network of the catalytic triad.21 In addition,
the effects of structural fluctuations on enzyme activity of
FAAH have been recently determined using multivariate
statistical analysis, which has identified key structural
parameters influencing the reaction barrier during catalysis.30,31

In particular, bond distances and angles that are involved in the
nucleophilic attack were found to be crucial structural
determinants during the reaction catalyzed by FAAH (see
Methods section for details).30,31,34−36

Several FAAH/anandamide complexes, based on the
structures of rFAAH17 and h/rFAAH24 embedded in a realistic
membrane/water environment and with the acyl chain of
anandamide in either the AB or MA binding cavity, allowed for
the exploration of the reactant state using extensive (∼1.5 μs in
total) classical molecular dynamics (MD) simulations. On the
basis of the detailed studies previously performed on key
structural determinants of the catalytic reaction,18,20,31,36 we
have identified conformations in MD of the FAAH/anadamide
complex that are prone to substrate hydrolysis. Here, the
occurrence of these catalytically significant conformations is
used to suggest the location of the anandamide tail, either in AB
or MA, during the catalytic process. Our MD simulations
showed the occurrence of a spontaneous wagging of the
anandamide’s arachidonoyl chain at the interface between
binding cavities, correlated to the formation of catalytically
significant conformational states for anandamide hydrolysis.

Figure 1. Complex of FAAH protein17 and anandamide (chemical structure on the right), embedded in a 1-palmitoyl-2-oleoyl-
phosphatidylethanolamine (POPE) lipid bilayer. The enzyme is a homodimer, formed by monomers A and B. FAAH is depicted in gray
ribbons. The surface of residues belonging to the membrane access channel (MA), the acyl chain binding channel (AB), as well as the cytosolic port
(CP) is shown in red, orange, and sky-blue, respectively. Phe435 and Trp531 at the intersection of the MA and AB channels are also shown in green
and violet, respectively. The box on the right is a close view of the catalytic site of FAAH, with the catalytic triad depicted in cyan sticks, and the
anandamide acyl chain, in yellow, located in the AB channel.17.
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■ METHODS

Structural Models. Three different FAAH/anandamide
simulation systems were considered for this study, namely (a)
r-AB, (b) r-MA and (c) h/r-MA (Figure S1 in the Supporting
Information - SI).
a. r-AB. This system was constructed using the crystal

structure of the rFAAH protein in complex with the substrate
analogue MAFP, solved at 2.8 Å resolution (PDB code:
1MT5).17 The initial binding pose of anandamide was
constructed by adding the leaving group (ethanolamine) to
the crystallographic pose of the MAFP arachidonyl chain. The
anandamide arachidonyl chain is located in the AB channel of
the rFAAH protein (Figure S1a).
b. r-MA. This system is based on the same X-ray structure

used for the r-AB (PDB code: 1MT5). In this case, the
anandamide fatty acid chain was modeled in the MA channel of
the rFAAH protein by manually rotating the torsion angles of
the crystallized MAFP acyl chain. In this modeled structure, the
arachidonoyl chain maintained the stereochemistry Z of the
double bonds, as in the X-ray structure of the rFAAH/MAFP
complex (Figure S1b).17

c. h/r-MA. This system was built starting from the h/rFAAH
protein in complex with the PF-750 inhibitor, solved at 2.75 Å
resolution (PDB code: 2VYA).24 In this structure, the
covalently bound PF-750 was located in between the AB and
MA binding channels. In this model, the anandamide fatty acid
chain was placed in the MA channel of the h/rFAAH protein
(Figure S1c), following the procedure described for the r-MA
system.
These three systems represent plausible MD starting points

where the anandamide acyl chain is either in the AB or MA
binding channel. In summary, in the rat protein, the
anandamide arachidonoyl chain was initially placed in either
the AB or MA binding channels, whereas we considered the
substrate acyl chain in the MA binding channel only in the h/
rFAAH. This was because the Phe432 phenyl ring occluded the
AB channel in the h/rFAAH. In all three systems, missing
amino acids of the protein (including the 9−29 TM residues
and the N terminus) were built by homology modeling with
Modeler 9v337 using the 1MT517 PDB code as a template.
Missing residues were modeled assuming helical shape.17 The
tendency of the modeled sequence to assume a helical shape
was carefully tested using the Dundee JPRED Web server.38

These systems were embedded in an explicit membrane
environment formed by 480 1-palmitoyl-2-oleoyl-phosphatidy-
lethanolamine (POPE) lipids (Scheme S2), similar to the
model used by Bracey et al.17 Phosphatidylethanolamine is the
major phospholipid of Escherichia coli membranes,39,40 and it
was utilized as an expression system to produce purified
proteins for the crystallization of both the rFAAH (PDB
1MT5)17 and the h/rFAAH (PDB 2VYA),24 used in this study.
The α18 and α19 helices, together with the modeled TM
residues, were inserted into the membrane, as predicted by the
analysis of FAAH’s primary sequence.15,16,41 The three
embedded protein/membrane systems were hydrated by
means of a TIP3P42 water, and eight Cl− counterions were
added to neutralize the total charge. The size of the final system
was approximately ∼145 Å × ∼95 Å × ∼140 Å, with ∼35 500
water molecules and ∼480 lipids, resulting in a total number of
∼185 000 atoms for each system (see more details in the SI).
Molecular Dynamics (MD) Simulations. The all-atom

AMBER/parm9943 force field was adopted for the FAAH

protein, whereas force field parameters for the lipid bilayer were
taken from previous studies.44−46 The anandamide molecule
was treated with the General Amber Force Field (GAFF),47 and
the atomic charges were derived by the RESP fitting procedure
(Table S1).48 Force field parameters for the anandamide
nonstandard residue were carefully validated via electronic
structure calculations (see below and the SI), confirming the
accuracy of the force field parameters employed here.
The LINCS49 algorithm was used for covalent bonds

including hydrogens, allowing a time integration step of 2 fs.
All the simulations were performed by using GROMACS 4.50

Long range electrostatic interactions were calculated with the
particle mesh Ewald method with a real space cutoff of 10 Å.
Periodic boundary conditions in the three directions of the
Cartesian space were applied. The systems were coupled to a
Nose−́Hoover thermostat51,52 at a reference temperature of
300 K with a time constant for coupling of 1 ps, and to an
isotropic Parrinello−Rahman barostat53 at a reference pressure
of 1 bar with a time constant for coupling of 1 ps. The
following simulation protocol was adopted: the systems were
minimized using a steepest descent algorithm and then slowly
heated up to 300 K in 1000 ps. Under these conditions, POPE
is a liquid−crystalline bilayer,54,55 thus ensuring a realistic
environment for the FAAH protein. Crucial membrane
properties were analyzed to confirm that equilibration was
reached (details are reported in the SI). The simulations were
performed with deprotonated Lys142, as proposed for the
catalytic mechanism of FAAH.17,19 Standard protonation states
were maintained for the other protein residues. Approximately
∼500−550 ns of MD simulations were collected in the NPT
ensemble under standard conditions, for each of the three
systems, resulting in a total of ∼1.5 μs of dynamics.
Coordinates of the systems were collected every 10 ps, for a
total of ∼50 000 frames for each run. Statistics were collected
for the equilibrated systems, after ∼150 ns for the r-MA and h/
r-MA systems and after ∼200 ns for the r-AB system.

Force Field Parameters for the Anandamide Non-
standard Residue. The anandamide nonstandard residue was
treated with the GAFF,47 and the atomic charges were derived
via the RESP48 fitting procedure (Table S1). These force-field
parameters were tested using quantum mechanical (QM)
computations to calculate the energy as a function of key
anandamide dihedral angles (i.e., the ω dihedrals along the acyl
chain and the α dihedral along the amide bondFigure 2).
Energy profiles for the systematic variation in steps of 10° of
the ω and α angles were obtained at the QM level and
compared with the GAFF molecular-mechanics (MM)
energies. Single point energy calculations at the Hartee Fock
(HF) and Density Functional Theory (DFT) levels of theory
were carried out. Two density functionals, namely B3LYP56−58

and the recently developed M0659,60which has been shown
to be particularly accurate59,60were employed. The 6-31G*
basis set was used. All the QM calculations were performed
with the Gaussian 09 code.61 As a result, the MM energy
profiles (black in Figure 2) are in good agreement with the QM
profiles, both in terms of position of the minima and height of
the barriers. The best fit over the MM curve was obtained with
the DFT/M06/6-31G* profile (green in Figure 2), further
proving the accuracy of the force field parameters employed in
our MD simulations.
As an additional check of the quality of our force field

parameters for anandamide, we performed geometry optimiza-
tions maintaining fixed only two ω angles of each conformer of
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anandamide (ω11 and ω12 angles, varied in steps of 30°). These
calculations were carried out at the HF/6-31G*, B3LYP/6-
31G*, and M06/6-31G* levels and further show the good
agreement with the profiles obtained from QM single point
energy and MM calculations (Figure 2a). These results also
show that bond lengths along the anandamide acyl chain do not
change as a function of the rotation of dihedral angles (Table
S2). Moreover, bond lengths of anandamide calculated at the
QM level are in excellent agreement with average bond lengths
of anandamide in classical MD.
Analysis of Structural Data. We took the root-mean-

square deviation (RMSD) as a stability parameter, after the
equilibration time, with respect to the crystal structure (Figure
S2). Therefore, RMSD values reported here were averaged over
the last ∼350 ns of dynamics (∼35 000 frames). The stability of
the residues inserted into the POPE membrane was ensured
analyzing crucial helix properties (i.e., RMS deviation from ideal
helix in Figure S3, helix radius, twist, and rise per residue in
Figure 3),62 that were calculated using the g-helix tool present
in the GROMACS 4 package.50

The anandamide conformational changes during dynamics
were identified and classified applying the Applegate and
Glomset notation for the polyunsaturated fatty acids.63

Accordingly, the molecular shape of arachidonic acid and its
derivatives (i.e., anandamide) depends on three pairs of torsion
angles along the arachidonoyl chain. Referring to the carbon
numbering for anandamide shown in Figure 2a, the torsion
angles involved are defined as ω5 = C5−C6−C7−C8, ω6 = C6−
C7−C8−C9, ω8 = C8−C9−C10−C11, ω9 = C9−C10−C11−C12,
ω11 = C11−C12−C13−C14, and ω12 = C12−C13−C14−C15.
Dihedrals with angles from 0° to 180° are denoted with a
positive sign, while those from 180° to 360° are denoted with a
negative sign (as from 0° to −180°). The 0° reference angle
corresponds to eclipsed substituents along the central bond
axis. The ω5−ω6, ω8−ω9, and ω11−ω12 couples of angles
determine the relative position of the Δ5−6, Δ8−9, Δ11−12, Δ14−15

double bonds and the shape of the arachidonoyl chain.
Precisely, when two adjacent angles (as example, ω5−ω6)
have the same sign (±±), either positive or negative, that
region of the acyl chain tends to be elongated, whereas when
the two angles have opposite sign (±∓), a curvature is
introduced in that region of the acyl chain. Following this
notation, the anandamide molecule can assume six different
shapes (Figure 4, upper panel),64−66 namely, (i) the extended

Figure 2. Energy profiles for the systematic variation of the
anandamide dihedral angles ω (a) and α (b) and in steps of 10°.
The dihedral angles ω are specified above the graphs. Single point
energy calculations at the molecular mechanics (GAFF47 force field
black) and quantum mechanical HF 6-31G* (blue), DFT
B3LYP56−58/6-31G* (red), and DFT M0659,60/6-31G* (green) levels
were performed. Energies obtained from relaxed PES scan in steps of
30° of the ω11 and ω12 dihedrals are also shown with blue dots (HF 6-
31G*), red stars (B3LYP/6-31G*), and green triangles (M06/6-
31G*). The energies of the anandamide conformers characterized by
values of the dihedrals equal to 180° were used as reference points.

Figure 3. (a) Side view of the equilibrated rMA system (after ∼200 ns
of MD). The overall rFAAH protein is depicted with gray tubes. TM
residues (7−29, black) and the α-18 (410−426, orange) and α-19
(429−438, violet) helices are shown in ribbons. Anandamide (yellow)
and the S241−S417−Lys142 catalytic triad (cyan) are also shown in
sticks. The box on the right is a close view of the residues from 1 to 36,
including the TM residues (7−29, black). Crucial H-bond interactions
between the protein residues, the POPE head groups, and the solvent
are highlighted in green. For the sake of clarity, only the interacting
residues (pink sticks), water molecules (cpk), and POPE lipids (cyan
sticks) are shown. (b) Average helix properties (helix radius, twist, and
rise per twist)62 calculated for TM residues and for the α-18/α-19
helices, for the rMA system. Values here reported are averaged over
the last ∼350 ns of MD simulations. Standard deviations of the mean
are reported. Ideal values for α-helix and 310-helix are reported in the
last two rows.
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(Ex) shape where the three pairs of angles are characterized by
the same sign (±±)(±±)(±±), resulting in a completely
elongated anandamide acyl chain; (ii) the extended U (Uex)
shape, where only the central ω8−ω9 has an opposite sign [(±
±)(±∓)(±±)]; (iii) the J (J) shape, which shows a “hook” at
the end of the acyl chain [(±±)(±±)(±∓)]; (iv) the parent
J′ (J′) shape, where a “hook” is observed near the polar
anandamide headgroup [(±∓)(±±)(±±)]; (v) the U (U)
shape, where the ω5−ω6 and ω11−ω12 successive pairs have
opposite sign [(±∓)(±±)(±∓)]; (vi) and the helical (Hx)
shape, where each couple of angles has opposite sign [(±∓)(±
∓)(±∓)]. In addition, two unique structures have been
identified in our computations. These structures are charac-
terized by two curvatures in the anandamide acyl chain, and we
named them “half helical A” (half-Hx/A) [(±±)(±∓)(±∓)]
and “half helical B” (half-Hx/B) [(±∓)(±∓)(±±)] shapes.
The eight anandamide shapes reported here can be classified in
three classes: the more elongated Ex and Uex shapes (class A),
the “hooked” J and J′ shapes (class B), and the curved U, Hx,
half-Hx/A, and half-Hx/B shapes (class C).
Conformational changes of the amino acids located within

the FAAH binding site (Phe381, Phe432, and Trp531) were

characterized by using the angle along the Cα−Cβ axis (termed
φ). The φ angle was described from 0° to 360°. All
conformational analyses were performed over the last ∼350
ns of MD simulations of the r-MA, h/r-MA, and r-AB systems
(∼35 000 frames for each system, for a total of ∼105 000
frames). Due to the reproducibility of the results in both FAAH
subunits (see the SI), statistics were collected for both FAAH
monomers of each equilibrated system, resulting in a total of
∼210 000 analyzed structures.
The location of the anandamide ligand in either the MA or

AB channel along the trajectories was identified by calculating
the minimum distances between the last three atoms of the
anandamide acyl chain and the residues located in the MA
channel [(Asp403, Ile407, Arg486, Ile530) − d-MA], in the AB
channel [(Tyr335, Glu373, Arg428, Phe527) − d-AB] and at
the interface between the MA and AB channels [(Phe381,
Phe432, Trp531) − d-T]. For the sake of clarity, we have
defined the interface region between the MA and AB channels
as transition region (T). The g-mindist tool present in the
GROMACS 450 package for molecular dynamics analysis was
used (Figure S4). In detail, anandamide was located in MA if d-
MA < 6 Å and d-AB > 6 Å and in AB if d-MA > 6 Å and d-AB <
6 Å. If both of these hypotheses were false and if d-T < 5 Å, the
anandamide acyl chain was located at the MA/AB interface
(T).

Definition of Catalytically Significant Conformations
of the FAAH/Anandamide Complex. The preorganization
of the FAAH active site for the anandamide hydrolysis was
identified via the definition of catalytically significant conforma-
tional states of the FAAH/anandamide complex that are
characterized by optimal distances and orientations of key
structural parameters involved in the enzymatic reaction, as
described in a number of computational studies18,20,30,31,36 In
particular, the key structural parameters that contribute to the
enzyme reactivity have been identified by Lodola et al. via
multivariate statistical analyses of key geometrical descriptors
(i.e., bond distances/angles).31 Moreover, key structural
parameters that favor the formation of a covalent adduct of
FAAH with some relevant piperidine/piperazine inhibitors have
been also clarified in one of our previous studies, via the
combined use of MD and quantum mechanics/molecular
mechanics (QM/MM) computations.36 These computational
works, taken together with the available X-ray data,35 allowed
the identification of key geometrical descriptors during
enzymatic reactivity.
In detail, the key geometrical descriptors that are used to

define the catalytically significant conformational states of the
FAAH/anandamide complex are (1) the distance between the
anandamide carbonyl carbon and the oxygen of Ser241 (C@
anandamide-O@Ser241), d1, lower than 3.4 Å; (2) the donor−
acceptor H-bond distances formed by the FAAH catalytic triad,
d2 and d3, lower than 3 Å; (3) the attacking angle formed by the
nucleophilic species (O@Ser241) and the anandamide carbonyl
plane (i.e., the Bürgi−Dunitz trajectory),34 θ1, of about 110° ±
20°; (4) the H-bond angles defined as the proper angles
between the donor, the hydrogen, and acceptor atoms, θ2 and
θ3, equal to 180° ± 20°. The θ1, θ2, and θ3 angles were
described from 0° to 360° (see Figure 5).
It is worth to remind that our definition of catalytically

significant conformations relates only to the propensity of
anandamide to undergo hydrolysis given the proper relative
orientation of the substrate with respect to the catalytic residues
in the binding pocket of FAAH. In here, we do not investigate

Figure 4. Upper panel: anandamide shapes. (a, b) Class A of the
elongated anandamide acyl chain: extended Ex (a) and extended Uex
(b) shapes. (c, d) Class B of the “hooked” anandamide shapes: J (c)
and J′ (d) shapes. (e−h) Class C of the curved anandamide shapes: U
(e), helical Hx (f), half-Hx/A (g), and half-Hx/B (h) shapes (see
Methods section). Anandamide is depicted in yellow sticks. Torsion
angles ω used to define each shape are ω5−ω6 in red, ω8−ω9 in blue,
and ω11−ω12 in green colors. Lower panel: time evolution of the
anandamide conformations, shown for monomer A and monomer B of
the r-MA (upper graph), h/r-MA (central graph), and r-AB systems
(lower graph). Anandamide conformations are colored as indicated in
the legend (upper right). Time windows for the location of
anandamide are indicated with different background colors: red (MA
channel), yellow (AB channel), and cyan (MA/AB interface).
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the enzymatic mechanism of FAAH and its energetics. That is,
we cannot correlate catalytically significant conformational
states with the enzymatic barrier for the hydrolysis of
anandamide.
The probability (P) to have anandamide in a prereactive/

nonreactive state and, simultaneously, located in one of the
three MA/T/AB regions was calculated following the Bayes
theorem (see the SI for details).67 Table 1 includes the MA/T/
AB regions on one dimension and the prereactive/nonreactive
states on the other, for both the r-MA and the h/r-MA systems.

■ RESULTS
Molecular Dynamics Simulations. After equilibration, the

FAAH protein is very stable in all three simulation systems. The
backbone RMSD of the whole FAAH protein with respect to
the initial structure oscillates around 2.60 ± 0.09 Å, 2.73 ± 0.17
Å, and 3.25 ± 0.17 Å for the r-MA, h/r-MA, and r-AB systems,
respectively (Figure S2). The crystallographic residues (30−
597) show low deviations from the X-ray structure and RMSD
values for the backbone atoms around 2 Å, highlighting the
stability of the protein framework. As expected, larger
deviations are detected for the modeled TM residues, due to
their interaction with the membrane environment. Helix
properties (RMS deviation from ideal helix, reported in Figure
S3radius, twist, and rise per residue, reported in Figure 3)62

of the residues inserted into the POPE membrane are well
maintained during the simulations, confirming the accuracy of
our model. In detail, TM residues from 7 to 29 (modeled) are
prevalently hydrophobic and buried, explaining the stability of
the modeled α-helices in the membrane environment. After
equilibration, RMS deviations from an ideal helix result below 1
Å (Figure S3), very close to the values for an ideal helix (Figure

3b). The residues located at the boundary between the
membrane and water environments show major changes.
Indeed, the interactions between Arg30, Thr32, and Arg34
with the POPE polar head groups, as well as with the solvent,
result in the bending of the helices at the upper membrane/
water boundary (Figure 3a). We detect the same behavior at
the lower boundary (other side of the membrane), where Ser4
and Glu5 interact with the POPE head groups. These
interactions are primarily responsible for the increased RMSD
values for residues from 1 to 29 (Figure S3). The crystallo-
graphic helices α-18 and α-19, bound to the membrane, are
stable during the simulations, as well, as shown in Figure 3.
During the production run (∼350 ns for each system), when

initially located in the MA channel (r-MA and h/r-MA
systems), anandamide frequently transfers its arachidonoyl
chain to the AB channel.17 We calculated the free energy gap
between conformations of anandamide in MA and AB in the r-
MA and h/r-MA systems, according to the Boltzmann weight.
This turned out to be ∼1.46 ± 0.36 kcal/mol, indicating that
the interchange can be frequent, consistent with the several
transitions observed during the r-MA and h/r-MA simulations.
Instead, in the r-AB system, anandamide remains confined to
the AB channel in which it was originally crystallized,
throughout the simulation (Figure 6 and Figure S4 for
additional details).

Catalytically Significant Conformations and Location
of Anandamide. During dynamics, we observed different
conformations and locations of the anandamide acyl chain. The
location of anandamide in either the MA or AB channel leads
to several anandamide conformations that can be related to the
propensity of FAAH to hydrolyze anandamide via the
formation of catalytically significant conformations (defined in
the Methods sectionsee Figure 5).

r-MA System. We observed spontaneous MA→AB
transition of anandamide in both FAAH monomers.
Anandamide remains in the AB channel for short periods of
time, as regulated by the Phe432 residue that acts as a “dynamic
paddle” (Figure 6, upper graph).24 In monomer A (mnr-A), the
acyl chain of anandamide reaches the MA/AB interface after
∼40 ns of MD and remains in the AB channel between ∼175/
180 ns, ∼200/205 ns, ∼250/255 ns, and ∼315/330 ns. In
monomer B (mnr-B), the fatty acyl chain of anandamide moves
to the MA/AB interface during the equilibration time and stays
at the channel boundary for most of the simulation, showing
only one MA→AB transition between ∼230/240 ns.
Conformational changes of amino acid residues Phe381,

Phe432, and Trp531 were characterized using the angle along
the Cα−Cβ axis (termed φsee the Methods section). During
the equilibration, the φ angle of Phe432 rotates from ∼65° (X-
ray) to ∼145° in both rFAAH subunits. This movement allows
anandamide to fit into the MA channel. Phe432 maintains this
conformation for ∼150 ns in mnr-A and ∼180 ns in mnr-B.
Then, the φ angle rotates back to ∼65°, which results in the
opening of the AB channel, allowing anandamide to switch
spontaneously from the MA into the AB channel in both
monomers. In particular, in mnr-A, anandamide interacts with
two phenylalanine residues, Phe432 and Phe381. After ∼170
ns, Phe381 undergoes multiple conformational transitions,
rotating the φ angle from an initial value of ∼180° to ∼80°
(Figure 6, upper graph, left part). These movements cause the
disruption of the aromatic T-shaped interaction formed with
Phe432 (Figure S5), allowing the MA→AB transfer of the
anandamide tail. Interestingly, the boundary residue, Trp531,

Figure 5. (a, b) Distances and angles to define the catalytically
significant conformations in the FAAH/anandamide complexes: (a)
Distances: d1 ≤ 3.4 Å, d2 ≤ 3 Å, d3 ≤ 3 Å. (b) Angles: 90° ≤ θ1 ≤
130°, 160° ≤ θ2 ≤ 200°, 160° ≤ θ3 ≤ 200°.

Table 1. Probability to be in the Prereactive/Nonreactive
States (in Rows) and in the MA/T/AB Regions (in
Columns), According to the Bayes Theorem, for the r-MA
(a) and the h/r-MA (b) Systems

(a) r-MA system

MA T AB total

prereactive 5.6% 19.0% 1.9% 26.5%
nonreactive 12.4% 55.7% 5.4% 73.5%
total 18.0% 74.7% 7.3% 100%

(b) h/r-MA system

MA T AB total

prereactive 7.7% 1.5% 0.0% 9.3%
nonreactive 42.7% 18.0% 30.0% 90.7%
total 50.5% 19.5% 30.0% 100%
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does not undergo any dihedral transition (φ is stable at ∼180°,
the value of the X-ray structure) and therefore is likely not
involved in the “dynamic paddle” mechanism. Instead, in mnr-B,
the Trp531 acts as Phe381 in mnr-A, moving concertedly with
Phe432 during the anandamide switch (Figure 6, upper graph,
right part). In particular, after ∼120 ns, Trp531 slightly rotates
the φ angle by about 35° (from φ ∼ 180° to φ ∼ 145°).
Afterward, at ∼180 ns, Phe432 also shifts the φ angle from
∼145° to ∼65°, thus triggering the MA→AB switch of the
substrate. These results suggest an exchangeable role between
Trp531 and Phe381, which support alternatively the “dynamic
paddle” of Phe432.
The introduction of a curvature in the central region of

anandamide is essential for the transfer between the two

binding channels to occur. As shown in Figure 4 (lower panel,
upper graph), the anandamide acyl chain is mostly curved
during the MA→AB transition. The class C, curved,
anandamide conformations (Figure 4, upper panel) are strongly
affected by Phe381, which is located at the top of the MA/AB
interface. This residue forms van der Waals interactions
between its phenyl ring and the Δ11−12 double bond of
anandamide, bending the central region of the acyl chain
(Figure S5). The residue Phe432 also affects the shape of
anandamide through van der Waals interactions between its
phenyl ring and the Δ14−15 double bond of anandamide.
Importantly, in both rFAAH subunits, anandamide places the
central part of its acyl chain at the top of the AB channel during
the transition. This is facilitated by interactions with residues

Figure 6. Time evolution of the anandamide acyl chain location. The background is in red when anandamide is located in MA, in yellow when in AB,
and in cyan at the MA/AB interface. The φ angle for Phe381 (first row), Phe432 (second row), and Trp531 (third row) are shown for monomer A
(first column) and monomer B (second column) of the r-MA (upper graph), h/r-MA (middle graph), and r-AB (lower graph) systems. Averages are
shown in black solid lines. The thick red lines indicate the corresponding φ angles in the crystal structures.17,24
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Val495 and Ile491, which were shown experimentally to be of
central importance for substrate binding (Figure 7a).68

Conformations of the rFAAH/anandamide complex prone to
undergoing hydrolysis are sampled for 26.5% of the entire
production run. It is worth reiterating that anandamide
transfers its arachidonoyl chain from MA to AB, and back,
several times in both monomers during the dynamics (Figure 6,
upper graph). Therefore, due to the reproducibility of the
results in both rFAAH subunits, statistics were accumulated
over the total data, as a sum of the data generated by each
monomer (see the SI for details).
Most of the catalytically significant conformations are found

with the anandamide’s tail located at the MA/AB interface
(71.6%), while in MA and AB channels at 21.1% and 7.3% of
the cases, respectively (Figure 8a, upper graph). That is, the
hydrolysis of anandamide appears to be facilitated by optimal
distances and geometries for catalysis during the MA→AB
transition, which seems unlikely when the substrate is in the AB
channel. As reported in Table 1, in fact, the probability that the
system is, simultaneously, in a prereactive state and in the MA/
AB transition region is 19.0%. Whereas, the probabilities of
being, concomitantly, in a prereactive state and in MA, or in a
prereactive state and in AB, are only 5.6% and 1.9%,
respectively. In Figure 8a (lower graphs), statistics for
catalytically significant conformations in the MA, AB, and at
the MA/AB transition regions that assume elongated, “hooked,”
or curved shapes are shown. At the MA/AB transition region
(Figure 8a, lower graph, central column), in which the
conformations prone to substrate hydrolysis are most
populated (Table 1), the class C (curved-shaped) anandamide
conformations are more abundant (82%), while class A
(elongated) and class B (“hooked”) are only present at 10.8%
and 7.2%, respectively. These catalytically significant con-
formations prevent a strong interaction of the anandamide’s tail
with the end of the AB channel, allowing the AB→MA switch
back.
h/r-MA System. As in the r-MA system, we observed

spontaneous MA→AB transitions of anandamide regulated by
the “dynamic paddle” mechanism. Anandamide modeled in the

MA channel is very stable for ∼100/110 ns in mnr-A.
Subsequently, three transitions occur at ∼110/120 ns, ∼125/
155 ns, and ∼250/280 ns. In mnr-B, anandamide shows several
MA→AB switches, between ∼1/45 ns, ∼110/125 ns, ∼190/
230 ns, and ∼310/350 ns (Figure 6, middle graph and Movie
S1).
Phe432 undergoes a dihedral transition from an initial value

of φ ∼145°, as in the X-ray structure, to ∼60°, with

Figure 7. Representative catalytically significant conformations of the
r-MA (a) and h/r-MA (b). Residues belonging to the MA and the AB
channels are shown in red and orange, respectively. Key residues of the
AB channel, as well as the catalytic triad residues, are shown in cyan
sticks. Phe432 (green) and Trp531 (violet) at the MA/AB interface
are also shown. Anandamide is represented with yellow sticks. In both
systems, anandamide assumes a curved conformation, with its acyl
chain located at the MA/AB interface.

Figure 8. Probability distribution for catalytically significant
conformations in the MA channel (red), at the MA/AB transition
region (Tblue), and in the AB channel (orange) of the r-MA (upper
graphs, a) and the h/r-MA (lower graphs, b) systems, according to d-
MA (first column), d-T (second column), and d-AB (third column)
distances. Selected snapshots for catalytically significant conformations
located in the MA and T regions (most populated) are reported.
Residues belonging to the MA and to the AB channels are shown as
red and orange molecular surfaces, respectively. Key residues are in
space-filling representation, namely, Leu192 (mutated in Phe in h/r-
MAgray) Phe194 (mutated in Tyr in h/r-MAice blue), Phe381
(maroon), Phe432 (green), and Trp531 (violet). Anandamide is
represented in yellow sticks. The Ser241−Ser217−Lys142 catalytic
triad is shown in cyan sticks. Percentages of classes A (pink), B (sky
blue), and C (violet) of the anandamide shapes when located in MA,
T, and AB regions are reported in the second row of each graph.
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concomitant opening of the AB channel (Figure 6, middle
graph). This conformational change occurs during the
equilibration of the system in both h/rFAAH monomers. As
seen for the previous system, Phe432 acts concertedly with
either Phe381 or Trp531. In mnr-A, Phe381 rotates the φ angle
from ∼180° to ∼90°, simultaneously with the switch of
anandamide (at ∼110/120 ns, ∼125/155 ns, and ∼250/280
ns). In mnr-B, Phe432 acts together with Trp531 to initiate the
anandamide MA→AB transition.
In this case, catalytically significant conformations of the h/

rFAAH/anandamide complex are sampled 9.3% of the
simulation time. As for the r-MA system, statistics were
accumulated over the total data generated by the two
monomers, due to the consistency of the results observed in
each of the rFAAH subunits (see the SI for details). We observe
a high percentage of catalytically significant conformations
while the anandamide’s tail is in the MA channel (83.3%).
Fewer prereactive conformations are observed at the MA/AB
transition region (16.5%) and are rarely found in the AB
channel (0.2%; Figure 8b, second column). Moreover, the
probability to find the system in catalytically significant
conformations located in AB is zero (see Table 1). In the
MA channel, anandamide assumes elongated shapes of its
arachidonyol tail (class A, 68.6%), while anandamide shapes of
class B and class C are formed with equal probabilities (15.5%
and 15.9%, respectively).
In the elongated anandamide shapes in the MA channel, the

compound is in proximity to Phe192 and Tyr194, which
establishes favorable van der Waals interactions with the Δ5−6

and Δ8−9 double bonds (Figure S5). Phe192 is of particular
interest, because the corresponding residue in rFAAH is a
leucine. This difference implies a decrease of hydrophobic
interactions in the MA channel of rFAAH, suggesting a
rationale for the different population of catalytically significant
conformations located in MA found in h/rFAAH, compared to
rFAAH (83.3% versus 21.1%, respectively, Figure 8b). Most of
the catalytically significant conformations at the MA/AB
transition region belong to class C of the curved anandamide
shapes (61.0%), in agreement with the results obtained in
rFAAH (Figure 6b). Here, the Ser376-Leu380 α-helix is
maintained by the H-bonding of Leu380 with the mutated
Thr377, preventing the accommodation of the central part of
the anandamide acyl chain into the AB channel (Figure 7b).
r-AB System. Throughout the whole simulation time,

anandamide remains confined in the AB channel, never
transferring into the adjacent MA channel. The gate between
the two binding channels remains always closed, preventing any
possible AB→MA switch of anandamide.
Phe432 and Trp531 at the MA/AB interface are stable

throughout the entire dynamics and maintain conformations
close or identical to those found in the X-ray structure of the
rFAAH/MAFP complex (Figure 6, lower graph).17 Most of the
anandamide conformations in this system adopt an extended
shape (class A) in both rFAAH subunits (Figure 4, lower panel,
lower graph), similar to the one of MAFP in the crystal.17 This
seems to occur mostly because anandamide remains anchored
to the end of the AB channel during the simulations, strongly
interacting with the residues Tyr225 and Phe527, thus resulting
in the elongation of its fatty acyl tail.
Catalytically significant conformations of the rFAAH/

anandamide complex are not observed when anandamide is
in AB. In both rFAAH subunits, the H-bond network of the
catalytic triad is broken during the equilibration of the system

(Figures S6 and S7). The prevalence of elongated anadamide
shapes seems to be the main reason causing the lack of
catalytically significant conformations in this system. In fact, the
head of anandamide that contains the amide bond, which is the
part of anandamide involved in the formation of the covalent
bond with FAAH, is trapped down into the AB pocket,
therefore far from the catalytic triad. This seems to disfavor the
formation of curved conformations, likely required for the
formation of catalytically significant conformational states, as
found in r-MA (Figure 6, lower graph). Ultimately, in r-AB
anandamide seems locked into the AB channel, in con-
formations that are mostly catalytically inactive. These results
further indicate the low probability that anandamide undergoes
hydrolysis when located in the AB channel.

■ DISCUSSION
In our simulations, anandamide spontaneously moves its
flexible arachidonoyl chain from the initial location in the
MA channel (r-MA and h/r-MA systems) into the AB channel.
These MA→AB transitions are triggered by the key Phe432
residue that, in tandem with the MA/AB interface residues
Phe381 and Trp531, acts as a “dynamic paddle,” in agreement
with what was previously suggested by Mileni et al.24 In our
simulations, catalytically significant conformations are 26.5%
and 9.3% in the r-MA and h/r-MA systems, respectively, over
the total conformations of the FAAH/anandamide complex.
The low percentage of the catalytically significant states relative
to nonreactive states (Table 1), is in agreement with the results
obtained by Lodola et al.,30 who found that catalytically
significant configurations of the FAAH/substrate complex were
observed only rarely during their MD simulations. This would
confirm that FAAH reactivity may be dominated by distinct
high energy and lowly populated conformations of the FAAH/
substrate complex.30,31

Importantly, we observe catalytically significant conforma-
tions for hydrolysis when anandamide is preferentially in either
the MA channel or at the MA/AB interface, while reactive
conformations are rarely observed when anandamide is locked
into the AB cavity. This finding suggests a more dynamic
scenario than that provided by the X-ray structure of FAAH in
complex with the anandamide analog MAFP17 and suggests
that the flexibility of the fatty acyl chain may be essential for
substrate recognition by FAAH. In fact, it was previously
thought, based on the FAAH/MAFP X-ray structure, that
anandamide locks itself into AB for catalysis. This hypothesis,
however, does not take into account the fact that the
cocrystallized MAFP is an irreversible FAAH inhibitor that,
after FAAH acylation, is not hydrolyzed and released from the
enzyme. Anandamide, instead, is rapidly hydrolyzed by FAAH
to produce arachidonic acid, which is subsequently released
into the lipid bilayer.21,69

Our findings suggest an essential role for substrate dynamics
in facilitating the formation of catalytically significant
conformations to attain FAAH activity. In our simulations,
anandamide positions itself for hydrolysis by moving its
arachidonoyl tail between the MA and AB cavities, without
fully going into AB in forming catalytically significant
conformations. This might explain how the arachidonoyl
chain could bind FAAH, undergo hydrolysis, and subsequently
be released rapidly as arachidonic acid.24,70

The idea that FAAH could adapt its binding pockets to the
chemical nature of different fatty acid ligands or inhibitors is
also supported by several experimental studies.24,35,71,72 The
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crystal structures of FAAH bound to different inhibitors show
that ligand binding is favored by a pronounced flexibility of the
MA and AB regions, thus suggesting an induced-fit binding
mechanism.71 The Phe432, Met436, and Met495 boundary
residues assume two different conformations depending on the
inhibitor’s location. The orientation of these residues in the h/
rFAAH/OL-135 complex (PDB 2WJ2)71 is accompanied by
the shortening of the AB channel, resulting into an “open MA
channel conformation,” similar to that observed in the h/
rFAAH/PF-750 structure (PDB 2VYA).24 Instead, in the
rFAAH/MAFP (PDB 1MT5)17 and h/rFAAH/PF-3845
(PDB 3LJ635 and 2WAP)73 structures, there is a complete
reorientation of Phe432, which now forms key aromatic
interactions with the MAFP double bonds in the former17 or
with the PF-3845 pyridine in the latter case,35 leading to a
“close MA channel conformation.” Interestingly, some relevant
α-ketooxazole inhibitors are thought to derive their affinity for
FAAH by mimicking the interaction of the π unsaturations of
anandamide, oleoylethanolamide (Δ9−10) and related fatty
acids, with the flexible residues Phe432 and Trp531.71

Multiple configurations of the FAAH/ligand complex were
identified via steady state and dynamic fluorescence assays.25

Mei and co-workers showed that the binding of the irreversible
inhibitor MAFP induces significant modifications in the FAAH
secondary structure.25 In addition, computational studies have
highlighted the possibility of different binding orientations of
the carbammate-based inhibitor URB52428 in FAAH. These
studies have pointed out the possibility of multiple config-
urations of the inhibitor within the FAAH active site.28 These
experimental and computational findings further demonstrate
that binding of flexible fatty acid amide substrates could be
facilitated by a highly dynamic active site, suggesting the
existence of multiple configurations of the FAAH/ligand
complex,25,71 as also demonstrated here by MD simulations.
In the r-MA system, most of the conformations prone to

attain catalysis are sampled at the MA/AB interface (71.6%),
showing curved conformations of the arachidonoyl chain
(82%), in agreement with the proposal that substrates adopt
a bent conformation when bound to FAAH.74 Indeed, the
double bonds at positions Δ8−9 and Δ11−12, which are essential
for interactions that lead to a curvature in the acyl chain,
enhance the potency of substrate-like inhibitors of FAAH.75,76

Additional interactions involving the Δ5−6 and Δ14−15 double
bonds favor the curved prereactive conformations, explaining
the observed increased rate of hydrolysis for substrates with
greater degrees of unsaturation.16,76 We also identified two
curved configurations of anandamide (i.e., half-Hx/A-B), which
have not been reported in previous conformational analyses of
anandamide, and some of its analogues, in different environ-
ments.64,65,77 Importantly, all these curved conformations are
made possible by the presence of the AB channel. These results
further imply that the AB channel plays a key role in aiding the
formation of a prereactive state for anandamide hydrolysis, even
though the anandamide acyl chain is never fully accommodated
in this channel before hydrolysis.
In the h/r-MA system, conformations predisposed for the

anandamide hydrolysis are mostly found in the MA channel
(83.3%), suggesting that this channel accommodates the
arachidonoyl chain during anandamide hydrolysis. Here, the
conformations that anandamide adopts during catalytically
significant states are mostly elongated (68.6%), due to the
presence of the mutated Phe192 (Leu in rFAAH) and Tyr194
(Phe in rFAAH). In the AB channel, the Ala377Thr,

Ser435Asn, Ile491Val, and Val495Met mutations result in the
loss of hydrophobic interactions with anandamide, and the AB
channel narrows significantly compared to rFAAH.68 Con-
sequently, catalytically significant conformations are not
sampled when the anandamide acyl chain is in the h/rFAAH
AB channel (in AB are only 0.2%). This also explains the lower
population of catalytically significant conformations (9.3%)
found in the h/r-MA system, with respect to that found in
rFAAH (26.5%), and confirm the key role of Ile491 in rFAAH
for substrate binding, as also suggested by ultraviolet cross-
linking and site-directed mutagenesis.68 Moreover, our
simulations indicate that the active site in the human isoform,
which shows a narrower AB channel compared to the rat one,
could favor the hydrolysis of smaller moleculesand therefore
is in no need of extra space provided by the AB channel to form
reactive conformations. Interestingly, this would explain the
finding that human FAAH is slightly better than rFAAH at
hydrolyzing fatty acid amides with a shorter chain length and
lower degree of unsaturation, such as those containing myristic
(14:0) or palmitic (16:0) acid.15,16

In the r-AB system, the reverse AB→MA transition of
anandamide is never observed, while the catalytic network is
lost during dynamics. Importantly, the catalytic network is
temporarily lost also in the r-MA and h/r-MA systems, more
when the anandamide acyl chain is fully located in the AB
channel. This again indicates that hydrolysis of anandamide is
unlikely when its arachidonoyl chain is accommodated in the
AB channel.
Overall, our results support the hypothesis that anandamide

enters the active site of FAAH via the MA channel.17,21,22 The
results further suggest that anandamide positions itself for
hydrolysis by moving its arachidonoyl tail between the MA and
AB cavities. This would explain how the hydrolyzed product of
FAAH catalysis (i.e., the arachidonic acid) could be released
from the protein.24,70 In this scenario, the role of the AB
channel may be to allow the formation of catalytically
significant conformations of the flexible acyl chain of
anandamide during hydrolysis, without fully accommodating
it. Thus, multiple cavities in one catalytic site allow the flexible
substrate anandamide to adopt prereactive conformations for
hydrolysis. The MA/AB boundary region, which is charac-
terized by the flexible hydrophobic residues Phe432 and
Trp531, allows the optimal fit of the highly flexible
arachidonoyl substrate. Accordingly, it is tempting to speculate
that a similar mechanism might operate for other lipid amides
that are hydrolyzed by FAAH, such as oleoylethanolamide and
palmitoylethanolamide. FAAH controls the concentrations of
these compounds in the brain, but the mechanistic bases of
substrate selectivity remain unclear.3 The present study is a first
step in the clarification of selectivity, providing new insights on
how the position of double bond(s) in the acyl chain of the
substrate might affect FAAH activity. However, additional
theoretical and experimental investigations, such as mutagenesis
of Phe432 and subsequent kinetics measurements of FAAH
activity, are needed to investigate this problem.
It is noteworthy that a mix of hydrophobic/hydrophilic

pockets, similar to those found in FAAH, are also present in
monoacylglycerol lipase (MGL), a serine hydrolase that
catalyzes the hydrolysis of the endocannabinoid 2-arachido-
noyl-sn-glycerol (2-AG).78 This common structural feature
found in FAAH and MGL suggests that these enzymes might
share a similar strategy based on multiple binding channels to
induce reactive conformations in their substrates. Irrespective of

Journal of Chemical Theory and Computation Article

dx.doi.org/10.1021/ct300611q | J. Chem. Theory Comput. 2013, 9, 1202−12131211



these speculations, our results indicate that a dynamic analysis
of the complex interactions of anandamide with the active site
of FAAH can enrich the interpretation of existing structural
data and provide unexpected insights into the catalytic
mechanism of this important lipid hydrolase.

■ CONCLUSIONS
Using long-time scale molecular dynamics (MD) simulations of
the FAAH/anandamide complex embedded in a realistic
membrane/water environment, we described the molecular
mechanism through which FAAH positions the substrate
anandamide for hydrolysis. We showed that anandamide
adopts conformations prone to hydrolysis by moving its
flexible arachidonoyl tail at the boundary between two binding
cavities (i.e., the MA and AB channels) present in the catalytic
site of FAAH. The residues located at the MA/AB interface
(i.e., Phe432 and Trp531) regulate the substrate movements
within the FAAH active site via a “dynamic paddle” mechanism.
The crystal structure of FAAH in complex with the irreversible
inhibitor, MAFP, had previously suggested that anandamide
might lock itself in AB for hydrolysis. Overall, our findings
enrich the interpretation of these structural data and suggest a
new mechanism for FAAH catalysis, which might be relevant to
other lipid hydrolases.
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