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Abstract Self-consistent charge density functional tight
binding (SCC-DFTB) is a promising method for hybrid
quantum mechanics/molecular mechanics (QM/MM) simu-
lations of enzyme-catalyzed reactions. The acylation
reaction of fatty acid amide hydrolase (FAAH), a promising
drug target, was investigated by applying a SCC-DFTB/
CHARMM27 scheme. Calculated potential energy barriers
resulted in reasonable agreement with experiments for
oleamide (OA) and oleoylmethyl ester (OME) substrates,
outperforming previous calculations performed at the PM3/
CHARMM22 level. Furthermore, the experimental prefer-
ence of FAAH in hydrolyzing OA faster than OME was
adequately reproduced by calculations. All these findings
indicate that the SCC-DFTB/CHARMM27 approach can be
successfully applied to mechanistic investigations of
FAAH-catalyzed reactions.

Keywords QM/MM . SCC-DFTB . FAAH . Reaction
mechanism . Computational enzymology

Introduction

Mechanistic simulations of enzyme-catalyzed reactions
within a realistic environment (composed of a full protein
structure and solvent molecules) are made possible by the
application of hybrid quantum mechanics/molecular
mechanics (QM/MM) methods [1]. In the QM/MM
framework, the simulation system (e.g., the enzyme–
substrate complex) is divided into two linked regions: (i)
the core (QM) region which contains the reacting fragments
and it is described by quantum mechanics; (ii) the
surrounding protein, represented by a molecular mechanics
force field [2, 3]. In this way, it is possible to treat
systems composed by thousand of atoms and to describe
the potential energy surfaces (PESs) relevant to enzy-
matic chemistry [4, 5]. In the QM/MM approach, the
reactive region of the enzyme’s active site can be treated
with one of the available QM techniques, such as
semiempirical methods, density functional theory (DFT),
or ab initio molecular orbital methods [6].

Accurate results (near to the so-called “chemical accu-
racy” in the best cases) can be obtained (e.g., for energy
barriers) when the QM/MM method employed is based on
ab initio electron correlation approaches such as the MP2
perturbation method and coupled-cluster theory [7, 8].
Unfortunately, these methods are very computationally
demanding, and this limits their application to energy
minimization/geometry optimization for small QM regions
or “single point” calculations on structures optimized at
lower levels. On the other hand, semiempirical molecular
orbital techniques, while not suitable for all systems, allow
large QM regions to be treated and more extensive
simulations to be performed (e.g., testing alternative
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reaction mechanisms or exploring multiple reaction paths
[9]) at the cost of limited accuracy in reproducing
experimental data [10].

An attractive alternative to ab initio and traditional
semiempirical methods (e.g., AM1 or PM3) within the
context of hybrid QM/MM simulations is represented by
the self-consistent charge density functional tight binding
(SCC-DFTB) method [11, 12]. The SCC-DFTB has proven
to be excellent for geometries and to perform well for many
biomolecular systems [13]; in the best cases, it has
performed as well as DFT calculations based on hybrid
functionals [14]. Furthermore, since its implementation in
widely used QM/MM packages such as CHARMM [15]
and AMBER [16], SCC-DFTB has become increasingly
widely applied in QM/MM calculations, and has been
found in some cases to give results that are in good
agreement with QM/MM calculations performed at higher
levels of theory [15]. SCC-DFTB is a more modern
method, and has only more recently become available for
QM/MM calculations, so it has been used less extensively
than earlier semiempirical molecular orbital methods for
enzyme reaction modeling. Thus, its reliability in this field
is rather less well tested [17].

In recent years, we have elucidated the mechanisms of
reaction [18] and inhibition [19] of fatty acid amide
hydrolase (FAAH) [20], a serine hydrolase of pharmaceu-
tical interest [21], by means of QM/MM simulations based
on the PM3 Hamiltonian. PESs of the modeled reactions
were initially built at the PM3/CHARMM level, and the
energetics were corrected with DFT single-point calcula-
tions to overcome the known limits of PM3. Although this
approach has been shown to give reliable results in many
cases [1], it has some explicit drawbacks: (i) it is
computationally demanding, as hundreds of single-point
DFT calculations are required [22]; (ii) it relies on the
assumption that DFT methods are relatively insensitive to
the quality of the geometry of the system under consider-
ation, which may not always be the case.

FAAH has become an important model system in the
field of QM/MM enzyme reaction modeling. Its catalytic
mechanism is now well understood thanks to computational
works done by different research groups [18, 23]. For
validation purposes, it is fundamental that independent
simulations (e.g., different QM/MM techniques) arrive at
similar mechanistic conclusions.

In this context, the availability of a DFTB-based QM/MM
potential, which may retain DFT-type accuracy [7] at a
reduced computational cost, prompted us to test its perfor-
mance in the case of FAAH. We therefore investigated the
acylation reaction of FAAH with oleamide (OA) and
oleoylmethyl ester (OME) substrates by applying the SCC-
DFTB/CHARMM27 QM/MM potential implemented in the
CHARMM program (version CHARMM30b2) [24]. We

calculated PESs for the reactions for multiple starting
structures and compared with our previous calculations at
the PM3/CHARMM22 and B3LYP/6-31+G(d)//PM3/
CHARMM22 levels of theory [18]. Our previous work has
shown the importance of considering multiple conformations
in QM/MM mechanistic modeling. The work reported here
shows that SCC-DFTB/CHARMM27 significantly outper-
forms calculations on FAAH with semiempirical molecular
orbital methods. The SCC-DFTB/CHARMM27 energy
barriers are in reasonable agreement with those derived from
experimental kinetics, and in significantly better agreement
than those calculated at the PM3/CHARMM22 level. More
importantly, the remarkable (experimentally observed [25])
preference of FAAH in hydrolyzing the amide (OA) faster
than the ester (OME) is satisfactorily reproduced by the
SCC-DFTB/CHARMM27 protocol applied here.

Methods

Application of the QM/MM potential for reaction modeling

We applied the SCC-DFTB/CHARMM27 QM/MM
method to model the acylation reaction of FAAH. The
quantum mechanical region included in the calculations
(Fig. 1) was relatively large (34 atoms for OA, 36 for
OME), similar to the region investigated in our previous
work [18]. It includes the methylamine group of Lys142,
the side chains of Ser217 and Ser241, and the butanamide
fragment for OA as well as the butanoyl methyl ester one
for OME. All the other atoms of the system were treated
with the CHARMM27 MM force field [26, 27]. For the
water molecules, the CHARMM variant of the TIP3P
model (TIPS3P) was used [28, 29]. The covalent bonds

Fig. 1 The QM regions employed in the QM/MM simulations with
OA (left, green carbons) and OME (right, yellow carbons). “Link”
atoms [15] are indicated
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crossing the boundary between the QM and MM regions
were treated by introducing four “HQ” link atoms which are
included in the QM system. The QM/MM approach used here
includes bonded and nonbonded interactions between the QM
and MM systems and accounts for the essential effect of the
protein on the modeled reactions [15]. Van der Waals and
bonded interactions were described by MM terms, with
standard CHARMM27 parameters used for the QM atoms.
Electrostatic interactions were treated by calculating the
Coulombic interactions between the Mulliken charges of
the QM atoms and the MM partial atomic charges [15].
A group-based nonbonded cut-off of 12 Å was applied and
atoms further than 14 Å from the Ser241 hydroxyl oxygen
were fixed. With the exception of these boundary
restraints, all the other atoms were free to move during
the calculations.

Model building

The Cartesian coordinates of the reactants (Michaelis
complexes) were taken from those used in our previous
studies [18, 30], which were based on the crystal
structure of rat FAAH in its covalent adduct with methyl
arachidonyl phosphonate [31]. The FAAH-OA and
FAAH-OME complexes were first minimized to an
energy gradient of 0.01 kcal mol−1 Å−1 by applying the
SCC-DFTB/CHARMM27 potential and thus equilibrated
by stochastic boundary molecular dynamics (SBMD)
[32].

The SCC-DFTB/CHARMM27 potential was used to
generate a trajectory using a time step of 1.0 fs for the
integration, and a cut-off distance for nonbonded interac-
tions of 12 Å. During the simulation, all atoms further than
21 Å away from the center of the sphere (Ser241 O1) were
harmonically restrained to their crystallographic coordinates
with force constants based on model average beta-factors
[33]. Frictional coefficients of 250 ps−1 for non-hydrogen
protein atoms and 62 ps−1 on water oxygen atoms were
applied at a buffer region, and a deformable boundary
potential was also applied for the water oxygens.

The simulation was divided into three phases: (i) a
heating phase of 100 ps to increase the temperature from 0
to 300 K; (ii) an equilibration phase of 200 ps at 300 K; (iii)
a production phase of 150 ps at 300 K.

One snapshot every 25 ps of the SCC-DFTB/
CHARMM27 MD production phase was considered for
the modeling investigation, to give a total of six equally
spaced starting structures. The equilibrated structures were
newly minimized and thus employed for mechanistic QM/
MM calculations. For both OA and OME, the minimum
energy pathway with the lowest energy barriers was found
with the Michaelis complex obtained after 75 ps of the MD
production phase.

Calculation of potential energy surfaces

Reaction coordinates were defined for every reaction step
and restrained sequentially to move the system along a
given reaction path. Distance-dependent reaction coordi-
nate restraints [34] were applied using the RESD
command of CHARMM [24]. A force constant of
k=5000 kcal mol−1 Å−2 was used to restrain all the
defined coordinates. The values for the restrained distances
were increased continuously to force the system across the
barrier of a specific reaction step. Energy minimizations (by
ABNR) of all structures were performed to a gradient
tolerance of 0.01 kcal mol−1 Å−1. The structures of
energy minima (i.e., stable structures) were determined
more precisely by performing additional geometry opti-
mizations with none of the reaction coordinates restrained.
The final energy of a structure (as indicated on the
potential energy surfaces, for example) was obtained by
performing single-point energy calculations where the
energy contribution derived from any restraint was left
out. The potential energy surfaces are useful for the
determination of basic mechanistic features such as the
identification of transition states and intermediates, or as
an indication of the concertedness of the modeled reaction
[35, 36]. However, it should be remembered that the PESs
reported here do not include the zero-point energy nor the
influence of hydrogen tunneling effects that may affect the
effective barriers to the reaction.

Results and discussion

FAAH is endowed with a Lys142–Ser217–Ser241 catalytic
triad [37] that is responsible for its notable ability to
hydrolyze amides faster than esters through a mechanism in
which acylation is rate-limiting [38]. The mechanism of
hydrolysis catalyzed by FAAH is widely accepted, with
Lys142 serving as a key acid and base in distinct steps of
the catalytic cycle [39]. As a base, Lys142 activates the
Ser241 nucleophile for attack on the substrate amide
carbonyl (Fig. 2). As an acid, Lys142 readily protonates
the substrate leaving group leading to its expulsion. The
impact of Lys142 on Ser241 nucleophile strength and leaving
group protonation occurs indirectly, via the bridging Ser217 of
the triad, which acts as a “proton shuttle.”

The mechanism described above was explored by means
of the adiabatic mapping approach, which has already been
shown to work well with this and other systems [40]. As
shown in Fig. 2, the reaction was modeled in three main
steps starting from the FAAH–OA and FAAH–OME
Michaelis complexes: (I) formation of the TI; (IIa) leaving
group protonation; (IIb) leaving group expulsion and
formation of the acylated Ser241. A similar strategy has
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been successfully applied to model the reaction between
FAAH and carbamate inhibitors [19].

Step I of the acylation reaction consists of multiple
events: a proton is abstracted from Ser241 and, via the
bridging residue Ser217, transferred to the general base
Lys142. Thus, the activated Ser241 attacks the carbonyl
group of the substrate, leading to the formation of the TI.

With this in mind, step I of the acylation was modeled by
restraining the following two reaction coordinates: Rx, defined
as [d(O1, H1) − d(O2, H1) − d(O1, C)], including proton
abstraction from Ser241 by Ser217 and nucleophilic attack by
Ser241; and Ry, defined as [(dO2, H2)] − d[(N, H2)], which
describes the proton transfer between Ser217 and Lys142. Rx
and Ry were increased in steps of 0.15 Å and 0.1 Å,
respectively, with harmonic restraints of 5000 kcal mol−1 Å−2

(similar to the approach used in [18, 19]).
Step II of the acylation reaction was simulated by

employing the adiabatic mapping approach. The modeling
of acylenzyme formation from the TI was separated into
two sub-events: the protonation of the leaving group (a),
and its consequent expulsion (b).

In the case of OA, step IIa was modeled using the
following reaction coordinates: Rt, defined as the difference
between atomic distances [d(O2, H1) − d(Nam, H1)] upon
moving the proton H1 from Ser217 to Nam of OA; and Rs,
defined as [d(N, H2)−d(O2, H2)] upon moving proton H2

from Lys142 back to Ser217.

Step IIb was explored by restraining Rr, which is defined
as [d(Nam,C)] and describes the scission of the bond
between the carbonyl carbon and the amide nitrogen. Rt,
Rs and Rr were increased in steps of 0.1 Å with harmonic
restraints of 5000 kcal mol−1 Å−2.

A similar approach was employed to model the second
step of FAAH acylation in the presence of OME, with the
following differences. In step IIa, the protonation of the
leaving group involved the alcoholic oxygen Oes and was
thus described by Rt as [d(O2, H1) − d(Oes, H1)]. In step IIb,
the expulsion of leaving group requires the breaking of a
C–O bond and was thus modeled using [d(Oes,C)] as the
reaction coordinate.

In the present study, different snapshots were taken from
the SCC-DFTB/CHARMM27 MD simulations and used as
starting points for modeling FAAH acylation. The reaction
energetics reported here refer to the FAAH-OA and FAAH-
OME Michaelis complexes that give the lowest potential
energy barriers. However, alternative starting points gave
similar pathways and barriers (vide infra). Thus, the PESs
and geometries presented here can be regarded as being
representative of the modeled reactions.

The SCC-DFTB/CHARMM27 PESs of FAAH acylation
in the presence of OA are reported in Fig. 3. The surface
relative to step I is reported in the left panel. The change in
energy during Ser241 deprotonation and subsequent nucle-
ophilic attack can be followed along Rx, while the change
in the energy during the protonation of Lys142 can be
observed along Ry. The minimum energy path (MEP)
connecting the Michaelis complex (A) to the tetrahedral
intermediate (TI, C) on the SCC-DFTB/CHARMM27
surface shows the presence of a concerted process, similar
to what was observed in our previous B3LYP/6-31+G(d)//
PM3/CHARMM22 calculations. It is worth noting that the
SCC-DFTB/CHARMM22 step I has an energy barrier of
16.1 kcal mol–1. This barrier is in good agreement with that
calculated with B3LYP/6-31+G(d)//PM3/CHARMM22
(18.0 kcal mol–1), and it is significantly smaller than that
calculated at the PM3/CHARMM22 level of theory
(36.0 kcal mol−1) [18]. It is also worth noting that
the SCC-DFTB/CHARMM27 PES resembles the B3LYP/
6-31+G(d)//PM3/CHARMM22 surface much more than the
PM3/CHARMM22 one reported in [18]. In particular,
while a shallow minimum area was identified around
Rx=−3.0, Ry=0.4 of the PES at the PM3-CHARMM22
level [18], no minima was found in the corresponding area
at both the B3LYP/6-31+G(d)//PM3/CHARMM22 [18] and
SCC-DFTB/CHARMM27 levels. Taken together, these
findings indicate that SCC-DFTB reproduces B3LYP
potential energy values fairly well, at least for the reaction
under investigation.

Visual inspection of the approximate TS (B) indicates
that it is associated with Ser241 activation, with proton H1

Fig. 2 Acylation mechanism of FAAH [30] in the presence of
oleamide (OA) and for oleoylmethyl ester (OME). Y is –NH2 for OA
(the label Nam is used for its nitrogen leaving group in the text), and –
OCH3 for OME (Oes is used as a label for its oxygen leaving group in
the text). Labels are also consistent with the definition of the reaction
coordinates employed in the calculations
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being transferred from O1 to O2 (Table 1), similar to what
was observed at the other levels of theory [18]. Conversely,
at the TS, the proton transfer involving Ser217 and Lys142 is
nearly complete (the N–H2 distance is 1.1 Å), while the
nucleophilic attack is only just starting, as the O1–C distance
is close to the value observed in the Michaelis complex.
Even though the predicted TS involves proton transfer rather
than nucleophilic attack, the absence of an energy barrier
between B and C indicates that Ser241 deprotonation and
nucleophilic attack are effectively concerted.

The product of step I, the TI, is less stable than the
Michaelis complex by 11.5 kcal mol–1, indicating its
transient character. On the other hand, this configuration
is greatly stabilized by the FAAH oxyanion hole (omitted
from Fig. 3 for clarity), which forms hydrogen bonds with
the negatively charged oxygen of the substrate, as also
reported in previous calculations [18, 23]. Interestingly, a
water molecule (conserved in FAAH [41]) was found to
interact with the carbonyl oxygen of OA in both the TS and
TI, assisting the stabilization of the incoming negative
charge on the oxygen atom.

Visual inspection of the TI structure confirms the
presence of a new bond between Ser241 O1 and the
carbonyl carbon of OA (O1–C=1.62 Å), as well as the
presence of a protonated and positively charged Lys142
(N–H1=1.07 Å) at the active site. Furthermore, in the TI
leaving group, the Nam atom is correctly oriented towards
the hydroxyl group of Ser217 to initiate the second step of
the acylation (Fig. 3, lower middle panel). This finding
differs from what was observed at the PM3/CHARMM22
level, where a rearrangement of the TI due to the pyramidal
inversion of Nam was required to start step II [30].

The SCC-DFTB/CHARMM27 PES associated with step
IIa is reported in the central panel of Fig. 3. The change in
energy during the protonation of the basic nitrogen of OA
(Nam) by Ser217 can be followed along Rt, while the
change in energy during the transfer of H2 from Lys142 to
Ser217 can be observed along Rs. The MEP identified on
the surface showed a mechanism where the protonation of
the basic nitrogen of OA (Nam) by Ser217 is almost
completed before the transfer of H2 from Lys142 to
Ser217 has begun. However, as this second event takes
place with no barrier, the double proton transfer of step IIa
can be considered a concerted process. These events lead to
configuration E, which requires surmounting a barrier of
18.8 kcal mol−1 (relative to the Michaelis complex), ∼3 kcal
mol−1 higher than that calculated here for the deprotonation
of Ser241.

Visual inspection of the approximate TS structure E shows
H1 being transferred from O2 to Nam, (Nam-H1=1.19 Å;
O2–H1=1.37 Å), suggesting that leaving group protonation
is the rate-liming event for FAAH acylation. The activation
barrier of 18.8 kcal mol−1 is in good agreement with the
experimentally deduced one of 16.0 kcal mol−1, and
significantly smaller than that calculated at the PM3/
CHARMM22 level (40.0 kcal mol−1 [30]). As a conse-
quence of the protonation of Nam, configuration E is
characterized by a slightly longer C–Nam bond and a shorter
O1–C than that observed in the TI (Table 1).

Step IIb occurs with no barrier (Fig. 3, right panel),
leading to the formation of the acylenzyme G. Protonation
and the expulsion of the leaving group (i.e., neutral
ammonia) are thus highly concerted. The acylenzyme
is characterized by a planar carbonyl bond and by a short

Fig. 3 SCC-DFTB/CHARMM27
QM/MM PESs (top) for FAAH
acylation in the reaction with
OA. The structures of some
configurations are also shown:
A (Michaelis complex), C
(tetrahedral intermediate), G
(acylenzyme). FAAH active
site residues are represented
by white carbon atoms, while
OA carbons are green
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O1–C distance (1.38 Å), while the ammonia group remains
quite close to Ser217 even after its expulsion (Fig. 3, lower
right panel). Finally, G is calculated to be more stable than
the Michaelis complex by 4.7 kcal mol−1, indicating an
exothermic overall profile. This is similar to what was
found at the B3LYP/6-31+G(d)//PM3/CHARMM22 level
of theory, where G was more stable than the reactants by
1.8 kcal mol−1 (unpublished data).

The acylation mechanism of FAAH in the presence of
OME substrate was modeled by applying the same
procedure as described for OA. The SCC-DFTB/
CHARMM27 PESs for FAAH acylation by OME are
reported in Fig. 4. The PES for step I, explored by applying
the reaction coordinates Rx and Ry, is reported in the left
panel of the same figure. The MEP connecting the
Michaelis complex (A) and the TI (C) is similar to that
observed for OA. The energy barrier required for the
formation of the TI (C) is 18.9 kcal mol−1 relative to the

substrate complex A, significantly lower than that calculat-
ed at the PM3/CHARMM22 level (44 kcal mol−1 [30]).

The examination of the approximate TS geometry (B)
shows that Ser241 deprotonation is the crucial event of the
first step in acylation. However, the proton transfer of H1 to
Ser217 O2 is more advanced than it is for OA (Table 1).
Ser241 deprotonation and the subsequent nucleophilic
attack are tightly coupled, as no barrier is found between
B and C. Although stabilized by the oxyanion hole, the TI
(C) is less stable than the Michaelis complex by 12.5 kcal
mol−1. Unlike what is observed for OA, in configurations B
and C no water molecule is found to interact with the
carbonyl oxygen of OME. Visual inspection of the FAAH-
OME and FAAH-OA TI structures suggests that the
methoxy group of OME actually displaces this important
water molecule. The lack of an additional hydrogen bond
can thus account for the slightly higher barrier found in the
first step of FAAH acylation by OME.

Table 1 Distances between reactant atoms (Å). Atom labels are consistent with Fig. 2

O1···C O1···H1 O2···H1 O2···H2 N···H2 C···Y Y···H1

OA OME OA OME OA OME OA OME OA OME OA OME OA OME

A 2.18 2.13 0.99 1.01 1.76 1.73 1.00 1.01 1.97 1.91 1.39 1.39 2.45 2.35

B 2.04 1.87 1.41 1.54 1.25 1.16 1.63 1.45 1.09 1.15 1.41 1.46 2.96 2.45

C 1.62 1.59 1.66 1.72 1.03 1.03 1.71 1.68 1.07 1.07 1.46 1.50 2.81 2.21

D 1.49 1.49 2.48 2.26 1.37 1.50 1.40 1.14 1.17 1.44 1.50 1.51 1.19 1.06

E 1.49 1.48 2.35 2.22 1.70 1.75 1.01 1.01 1.88 1.91 1.51 1.51 1.07 1.01

G 1.38 1.35 2.60 2.49 1.90 1.82 1.01 1.01 1.89 1.89 2.11 2.41 1.04 1.00

Fig. 4 SCC-DFTB/CHARMM27
QM/MM PESs for FAAH
acylation in the reaction with
OME (oleoylmethyl ester). The
geometry-relevant configurations
are also reported: A (Michaelis
complex), C (tetrahedral
intermediate), G (acylenzyme).
FAAH active site residues are
represented by white carbon
atoms, while OME carbons
are yellow
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The subsequent formation of the acylenzyme from the TI
is again a complex multiproton-transfer process. The SCC-
DFTB/CHARMM27 PES associated with step IIa is
reported in the central panel of Fig. 4.

The highest-energy point along the MEP (D) is the TS for the
protonation of the leaving group oxygen (Oes). This process
leads to E overcoming a barrier of 20.8 kcal mol−1 relative to
the substrate complex A. Calculation at the PM3/CHARMM22
level predicted an energy barrier of 47.0 kcal mol−1 for step IIa
[30].

The subsequent expulsion of methanol happens spon-
taneously, as there is effectively no energy barrier
between E and the acylenzyme G. Also in this case, G
is calculated to be more stable than the Michaelis
complex (by 11.0 kcal mol−1), indicating the presence of
an exothermic profile overall.

Figure 5 summarizes the potential energy profiles for
acylation of FAAH in the presence of OA and OME at the
SCC-DFTB/CHARMM27 level. The calculations indicate
that these substrates follow a similar mechanism of FAAH
acylation, with the collapse of TI being the rate-limiting
step of the process.

The calculated barrier (relative to A) to amide cleavage is
18.8 kcal mol−1, 2.0 kcal mol−1 smaller than the barrier to the
ester. These findings are in agreement with kinetic inves-
tigations of OA and OME substrates [25, 28]: the experi-
mental barrier to the hydrolysis of oleamide is ∼1 kcal mol−1

lower than that for oleoylmethyl ester. The calculations
suggest that this unique preference for the amide depends on
both the more efficient stabilization of the TS for the

deprotonation of Ser241 and the higher basicity of the
nitrogen Nam compared to that of the oxygen Oes in the TI.

As QM/MM calculations based on adiabatic mapping
along a reaction coordinate may hide potential pitfalls due to
conformational transitions at the protein’s active site [42], the
SCC-DFTB/CHARMM27 calculations were repeated for
other starting conformations of FAAH in complex with the
two considered substrates.

Five additional FAAH-OA and FAAH-OME Michaelis
complexes were extracted from the MD trajectory (see the
“Methods” section) and employed to build PESs for the
acylation reaction. The same adiabatic mapping protocol
described above was employed to drive the systems from

Table 2 SCC-DFTB/CHARMM27 energy values (kcal mol−1) for
key configurations (B, C, and D) obtained by simulating FAAH
acylation in the presence of OA and OME using different Michaelis
complexes (structures 1–6)

Structure B (TS1) C (TI) D (TS2)

OA OME OA OME OA OME

1 18.8 19.6 12.6 11.1 23.3 25.3

2 17.6 20.4 11.2 12.7 21.0 25.2

3 16.1 18.9 11.5 12.5 18.8 20.8

4 18.5 20.8 11.5 13.3 20.3 25.6

5 16.8 20.1 10.9 13.2 19.8 24.7

6 18.8 22.0 12.0 15.7 23.4 26.4

Mean 17.8 20.3 11.6 13.1 21.1 24.7

Mean SE 0.5 0.4 0.2 0.6 0.8 0.8

Fig. 5 SCC-DFTB/CHARMM27
QM/MM potential energy profiles
for FAAH acylation by OA (solid
line) and OME (dashed line).
The relevant configurations are:
the Michaelis (substrate) complex
(A), TS for TI formation (B),
TI (C), TS for leaving group
protonation (D), protonated
TI (E), and acylenzyme (G)
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the reactants to the products. Although the PESs and the
relative positions of the stationary points were not affected
by the geometry of the starting points, small differences
were observed in the energies of key stationary points.

The results of these calculations are summarized in
Table 2, where energy values of TSs and TIs are also
reported as mean values together with the corresponding
standard errors of the mean (mean SE). The energy values
are consistent with those reported in Fig. 5, confirming that
TI collapse controls the reaction rate of FAAH acylation for
both OA and OME. The key energy barrier to OA acylation
is also lower than that for OME when multiple starting
conformations are considered, suggesting that a difference
of 2–3 kcal mol−1 between energy barriers can be
considered to be significant at this level of theory, as long
as sufficient conformations are investigated.

Analysis of the data reveals that at the SCC-DFTB/
CHARMM27 level too, conformational fluctuations of the
active site of FAAH affect calculated barriers, and may be
important for an efficient catalytic process [9]. For OA, the
activation barriers of the main TS (configuration D) differ
significantly between the six simulations, with an absolute
range of variation of 4.6 kcal mol−1 (calculated as the
difference between the highest and lowest Eact obtained).
This is also the case for OME, with an absolute range of
variation of 5.6 kcal mol−1 (for configuration D). Further
investigations, similar to those reported in [9], will be
required to unravel the effects of active-site fluctuations on
FAAH-catalyzed reactions at the SCC-DFTB/CHARMM27
level of theory.

Conclusions

We evaluated the performance of a SCC-DFTB/CHARMM27
method by modeling the mechanism of a well-known
enzyme-catalyzed reaction, the acylation of FAAH in the
presence of OA and OME substrates.

The results support the previously proposed mechanism
[18, 30]. Indeed, the exploration of the PESs for FAAH
acylation indicates that the collapse of the tetrahedral
intermediate is the rate-limiting step of the reaction for
both OA and OME substrates, with calculated barriers of
18.8 and 20.8 kcal mol−1, in good agreement with the
experimentally deduced ones of 16.0 and 17.0 kcal mol−1.
Also, if the SCC-DFTB/CHARMM27 energy values are
averaged over multiple reaction paths, the resulting poten-
tial energy barriers (21.1±0.8 kcal mol−1 for OA and 24.7±
0.8 kcal mol−1 for OME) are in reasonable agreement with
experimental observations.

It should be remembered that the PESs obtained here do
not include zero-point energy nor the influence of hydrogen
tunneling effects, which may lower the calculated barriers

by a few kcal mol−1 [43]. Regardless of the possible role
played by quantum effects in FAAH catalysis, the SCC-
DFTB/CHARMM27 activation barriers are significantly lower
than those calculated at the PM3/CHARMM22 [18, 30] and
PDDG-PM3/OPLS [23] levels previously reported in the
literature. In this respect, the SCC-DFTB/CHARMM27
method seems a better choice than other PM3-based QM/
MM approaches, at least for studying FAAH-catalyzed
reactions.

The present calculations show that the collapse of the TI
follows a concerted reaction mechanism, where Lys142 and
Ser217 cooperate in the protonation of the leaving group
heteroatom (nitrogen for OA, oxygen for OME). Protonation
of the leaving group is identified as the key event in acylation
for both OA and OME, a finding that provides a theoretical
explanation for the remarkable ability of FAAH to hydrolyze
amides faster than esters.

Taken together, these findings indicate that SCC-DFTB/
CHARMM27 QM/MM calculations provide good results for
FAAH, and will be useful to characterize the catalytic
mechanisms of other related enzymes. Due to its fair accuracy
and limited computational cost, the SCC-DFTB/
CHARMM27 potential will be also useful for free-energy
simulations based on umbrella sampling molecular dynamics
[44] or on other enhanced sampling approaches [1, 5].
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