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ABSTRACT: We present a set of CHARMM-based parameters of molecular
mechanics force field for neutral articaine (ATC), a potent and widely used local
anesthetic in medical and dental applications. Partial atomic charges and effective
torsion potentials around four chemical bonds, not available in CHARMM for this
molecule, were obtained from quantum chemical calculations. The newly parameterized
model was evaluated by examining the behavior of ATC in water and in a
phospholipid bilayer using molecular dynamics simulations. VC 2010 Wiley Periodicals, Inc.
Int J Quantum Chem 111: 1339–1345, 2011
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1. Introduction

L ocal anesthetics (LA) are compounds that
can relieve and prevent pain by reversibly

interrupting nerve conduction. As the name
implies, these drugs act locally, anywhere in the
nervous system, and in all types of nerve fibers.
Typically, the structure of LA comprises a hydro-
philic (an amine) and a hydrophobic (an aromatic
ring, usually benzene) region, which are sepa-

rated by an amide or ester linkage. Lidocaine and
bupivacaine, for instance, which are among the
most commonly used LA [1], are classified as
amino amides, since the hydrophilic group is a
tertiary amine and the linkage with the hydropho-
bic group (an aromatic ring) is an amide. Pro-
caine, on the other hand, has an ester as interme-
diate group and is, therefore, classified as an
amino ester LA [2, 3].

The anesthetic effect occurs because the LA
molecules diffuse into the phospholipid mem-
branes and cause conformational changes in the
voltage-dependent sodium channel, leading to the
temporary inactivation of this transmembrane
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protein and, consequently, the interruption of
nerve transmission that causes the sensation of
pain [4]. Aiming to improve the efficacy of these
drugs and to reduce their side effects in humans by
means of rational design of new LAs, many experi-
mental studies have been dedicated to the under-
standing of the molecular mechanisms involved in
the LA pharmacological effect [2, 5–17].

From a theoretical perspective, atomistic molec-
ular dynamics (MD) computer simulations are
being successfully applied to investigate the
effects of various LAs on model phospholipidic
membranes at a molecular level [18–23]. How-
ever, because of the wide variety of these com-
pounds, it is often needed to develop new interac-
tion potential parameters that allow the study of
these systems by MD simulations.

Articaine (ATC) (Fig. 1) is a local anesthetic
widely used in dermatological and dental applica-
tions that exhibits fast response times and low
allergenicity [24], but whose action at the molecu-
lar level is, nevertheless, still poorly understood.
ATC belongs to the LA class called amino amides
and presents two very particular and unique fea-
tures among the known LA: its aromatic portion
consists of a thiophene ring instead of benzene
and attached to the aromatic ring there is an ester
group, which contributes to the rapid metabolism
of the drug by enzymatic hydrolysis into arti-
cainic acid [24].

In this work, we develop force field parameters
for computer simulations of articaine. We develop
a set of molecular mechanics (MM) parameters
for both stereoisomers of ATC, consistent with the
well-known CHARMM force field for biomolecu-
lar systems [25] and use MD simulations to exam-

ine the behavior of the drug in aqueous solutions
and in a palmitoyl-oleyl-phosphatidylcholine
(POPC) phospholipid bilayer. For ATC in particu-
lar, there are CHARMM parameters available for
the stretching of all bonds and angular distor-
tions, as well as Lennard-Jones energy and dis-
tance parameters for all atomic types. However,
because of the specificity of ATC’s molecular
structure and the lack of reasonably similar dihe-
drals readily available in CHARMM, torsional
potentials for several dihedral angles (Fig. 1) were
parameterized to adequately describe the confor-
mational motions [26] of a flexible molecule such
as ATC. By the same token, partial atomic charges
were also parameterized.

2. Methods

2.1. PARAMETERIZATION OF
THE ATC MOLECULE

In this work, we developed a set of parameters
for ATC suitable for use within the CHARMM
force field scheme [26]. Molecular geometry opti-
mizations were performed at the density func-
tional theory level with the B3LYP hybrid func-
tional [27, 28] with basis set 6-311g(d,p) and a
polarized continuum model (PCM) [29] with sol-
vent dielectric constant of 80, corresponding to
liquid water at ambient conditions, as imple-
mented in the Gaussian03 molecular package [18].
The partial atomic charges for the two enantio-
mers R-articaine (R-ATC) and S-articaine (S-ATC)
were obtained through a single point ab initio cal-
culation at the RHF/6-31G(d) level using the

FIGURE 1. (a) Chemical formula of ATC, indicating atom numbering and the four parameterized torsions. (b) Simpli-
fied molecular structures used in the ab initio quantum chemical scans for each torsion.
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Merz-Singh-Kollman scheme [30]. The same level
of theory was used determine selected torsional
energy profiles [31, 32].

The CHARMM force field has the following
functional form:
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where the force constants Kb, Ka, KUB, and Ki were
obtained by analogy with similar groups available
in CHARMM and the respective values of the
equilibrium bond lengths and angles obtained
from the quantum chemical calculations. The non-
bonded van der Waals interactions are described
by 12-6 Lennard-Jones pair potentials, with pa-
rameters for each atomic type completely trans-
ferred from CHARMM.

In devising force field parameters for intramo-
lecular interactions, one typically attempts to
reproduce the quantum potential energy surface
with a set of effective analytical functions. In this
case, all but the four selected dihedral torsional
potentials are known. Therefore, we adjusted the
missing torsion potentials in the full expression of
the classical bonded interactions [first two lines in
Eq. (1)] to fit the quantum energies as functions
of the dihedral angles. The ab initio torsional
energy maps for the four dihedral torsions were
obtained from full 360� rotational scans taken at
15� steps. At each 15� dihedral angle increment,
the molecular geometry was fully relaxed, keep-
ing fixed the selected dihedral angle. The molecu-
lar mechanics energy for each molecular confor-
mation was computed using the NAMD 2.7
package [33]). In this way, values for the Kd,n, dd,n,
and n parameters [see the fourth term of Eq. (1)]
were obtained by the nonlinear curve fitting. Con-
sistently with the CHARMM force field, these se-
ries were truncated in n ¼ 3 and the phase angles
were restricted to 0� or 180� [26].

ATC has an asymmetric carbon [C14 in Fig.
1(a)], which indicates optical activity through the
right and left-handed R and S stereoisomers. All
the procedure described here was carried out for
the R isomer. However, since the conformations
of stereoisomers at the energy minimum are mir-
ror images of each other, the obtained parameters
are readily transferable to the S isomer.

2.2. MOLECULAR DYNAMICS SIMULATIONS

To investigate the conformational behavior of
the two ATC enantiomers in different environ-
ments, we have performed MD simulations of an
ATC molecule in water, followed by simulations
of ATC in a POPC lipid bilayer. We have used
the TIP3P model for water [34], whereas the lipid
molecules were described by CHARMM27 [32].

For the ATC in the aqueous environment, we
performed 2 ns simulations after equilibration
with a single ATC molecule immersed in a box of
1,100 water molecules in the NpT ensemble at 1
bar and 310 K. For the model biomembranes, five
20 ns simulations were carried out of the single
ATC in a POPC phospholipid bilayer. The bilayer
consisted of 126 POPC lipids hydrated by 4,580
water molecules. The simulations were performed
using the NpzAT ensemble, in which the number
of molecules, normal pressure (1 bar), surface
area (40.86 nm2), and temperature (310 K) were
kept constant. The fixed lateral area corresponds
to the experimentally determined area per lipid of
65 Å2 [35].

For all simulations reported here, Langevin dy-
namics and Nosé-Hoover Langevin piston meth-
ods [36, 37] were used to keep the temperature
and the pressure constant. The RESPA multiple-
time step algorithm [38] was used with the short-
est time step of 2 fs. A cutoff of 10–12 Å was
used for the Lennard-Jones interactions, whereas
the long-range electrostatics forces were treated
by means of the particle mesh Ewald (PME) tech-
nique [39]. All bonds involving hydrogen atoms
were kept rigid using SHAKE [40].

3. Results and Discussion

3.1. PARAMETERS FOR ARTICAINE

Table I shows the atomic charges computed for
ATC, according the atom numbering of Figure 1.
The procedure to obtain the parameters for the di-
hedral potential, described in the previous
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section, was carried out for the four selected tor-
sions shown in Figure 1(a). For the other dihedral
angles, the parameters were transferred from
equivalent ones found in CHARMM force field
parameterization of the c35b2 release. The results
are depicted in Figure 2. To calculate the rota-
tional energy barriers, the rotation angles could
be described by different quartets of atoms. We
have chosen the groups of atoms highlighted in
Figure 2 and detailed in Table II. To diminish
computational efforts, without compromising the
essentials of the quantum chemical calculations as
far as the rotational energies are concerned, we
have divided the molecule into different parts
and substituted longer side groups of the mole-
cule by shorter surrogate fragments [Fig. 1(b)].
For computing the energy scans for the T1 dihe-
dral torsion, for instance, we replaced the entire
group of atoms bound to C14 by a methyl, main-
taining the amide group and the aromatic ring
intact, since they affect the electronic density in
the T1 region by resonance.

The overall appearance of the QM and MM
energy difference curves shown in Figure 2
reflects factors such as the hybridization of the
atoms involved and electronic resonance. For
instance, we can see from the difference curve for
T1 that the minima are found in 0� and 180�. This
planar conformation relative to the thiophene ring

is consistent with the tendency of this group to
withdraw electrons from the ring by resonance.
The energy difference for T3, in contrast, has
three minima, representing the sp3 hybridization
of the nitrogen. Not surprisingly, the results for
the T4 torsion turned out very similar to that of
the T3 dihedral and, therefore, we assumed the
same torsion parameters for both of them.

The torsional potentials obtained for the dihe-
dral angles defined by the atoms highlighted in
Figure 2 describe the total dihedral angle poten-
tial for each bond rotation. However, the func-
tional form of the CHARMM force field considers
contributions from all dihedral angles that involve
the torsion about a given bond. Therefore, we
assumed the total constant Kd,n equally divided
among all the involved dihedral angles. Our best
fitting parameters are shown in Table II, corre-
sponding to the torsions T1, T2, and T3 (or T4)
obtained by adjusting the data depicted in Figure
2. Additional information about bonded and non-
bonded parameters and partial atomic charges are
provided as Supporting Information.

To test the parameterized potential for ATC,
we have performed a MM energy minimization of
ATC in vacuum using a standard conjugated gra-
dient algorithm [41] in NAMD and compared
with the DFT/B3LYP/6-311g(d,p)/PCM

TABLE I
Atomic partial charges in atomic units obtained for
ATC.

Atom Charge (u.a.) Atom Charge (u.a.)

C1 0.026 H12 0.143
C2 �0.225 O13 �0.666
H2 0.239 C14 0.479
S3 0.002 H14 �0.004
C4 �0.656 N15 �0.935
C5 0.568 H15 0.379
C6 1.046 C16 �0.286
O7 �0.341 H16 �0.005
C8 �0.154 C17 0.071
H8 0.114 H17 0.018
N9 �0.603 C18 �0.342
H9 0.332 H18 0.082
C10 0.589 C19 �0.385
O11 �0.590 H19 0.092
C12 �0.438

Atom numbering follows Figure 1(a). The hydrogen atoms
are enumerated based on the number of the atom to which

it is attached.

FIGURE 2. (a) Potential energy curves generated for
the torsions T1, T2, and T3. The values of the potential
energy computed by density functional theory are
marked with squares (QM), whereas the corresponding
values generated from the classical potential are
marked with circles (MM). The QM and MM energy dif-
ferences are depicted by diamonds and the solid lines
are the fitted dihedral potentials. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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optimized geometry. The optimized structures,
shown in Figure 3(a), are practically indistin-
guishable, indicating that the MM force field
reproduces the quantum chemical ground state
molecular conformation of ATC in solution, con-
sistent with previous studies which have shown
that combining DFT with PCM provides reliable
geometry estimates for small molecules in solu-
tion [42].

3.2. MD SIMULATIONS OF ATC IN
DIFFERENT ENVIRONMENTS

First, we sampled the ATC conformational space
in aqueous solution using MD simulations. Figure
3(b) depicts superposed molecular snapshots for
ATC extracted at each 100 steps of the MD trajec-
tory, along with the DFT optimized structure. The
superposition was also carried out by completely
aligning the rings [Fig. 3(c)]. In both figures, it is
shown that the positions of the atoms fluctuate in
the vicinity of the global minimum provided by the
reference QM structure. The main changes are
observed for the amine and carbon chain groups
[atoms 14–19 in Fig. 1(a)], as expected, since there
are only single bonds involved and no stabilization
effects from electronic resonance.

The radial distribution functions between
selected ATC atoms and water molecules (Fig. 4)
reveal that curves for the pairs HW…O13,
HW…O11, HW…N15, OW…H15, and OW…H9
show well-defined first peaks approximately
located at 1.9 Å, typical of hydrogen (H)-bond
interactions [43]. These results indicate that the
partial charges and solute conformational features
are capable producing H-bonds between ATC and
water, with ATC acting both as an H-bond donor

and acceptor, as expected on the basis of its elec-
tronic structure.

We have also carried out a series of simulations
of ATC in a POPC lipid bilayer to examine the
overall behavior of articaine in biomembranes. A
single ATC molecule was originally placed in the
aqueous phase. In three of these simulations, ATC
was observed to diffuse spontaneously toward the
interior the POPC lipid bilayer during the course of
the simulations. Once in the interior of the bilayer,
ATC was predominantly found in the vicinity of
POPC’s glycerol carbonyl group, roughly 8 Å away
from the average position of the aqueous interface.
This behavior is consistent with the fact that ATC,
like many other LAs, is a hydrophobic molecule
which has been experimentally found to penetrate
biomembranes [44, 45]. In Figure 5, we compare
the superposed MD snapshots of the ATC in water
(left) and in the lipid bilayer (right). In aqueous so-
lution, ATC clearly exhibits greater conformational
freedom than in the interior of the POPC bilayer.
The calculated average dipole moment of ATC
turned out 4.0 6 1.6 D and 2.6 6 0.8 D in water and
in POCP, respectively. A larger solute dipole
moment in water is consistent with the higher po-
larity of the aqueous environment. Interestingly,
there is a strong similarity between the structure
that was optimized in vacuum (at classical or quan-
tum levels) and the average structure of the ATC in
the membrane. In fact, the average electric dipole
moment of ATC in the membrane coincides with
that of the optimized quantum structure of ATC.

Further studies of the interactions of ATC with
POPC bilayers are currently in progress using the
parameters reported here. Our results for several
physicochemical properties of ATC in POPC
membranes are in excellent agreement with

TABLE II
Parameters of the torsional rotations T1, T2, and T3 determined by fitting the potential energy curves shown
in Figure 2.

Torsion Kd,n (kcal/mol) n dd,n (degrees)

T1 S3-C4-C6-O13a 1.250 1 180.0
�1.110 2 0.0
0.770 1 0.0

T2 C1-C5-N9-H9a �0.780 2 0.0
0.110 3 0.0

�0.092 1 0.0
T3 C10-C14-N15-H15a �0.042 2 180.0

0.120 3 0.0

a The same values of Kd,n, n, and dd,n were assigned to different dihedral angles that define a given torsion.
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experiments and shall be published separately.
Together with the results presented here, this sug-
gests that the model proposed for the ATC is suit-
able for computer simulations of this compound
in a variety of systems.

4. Concluding Remarks

In this work, we developed a set of parameters
committed to the CHARMM force field suitable

for molecular simulations of neutral articaine, the
most potent form of this important local anes-
thetic. The study focuses specially on the parame-
terization of dihedral torsion potentials and par-
tial atomic charges. The newly parameterized
model reproduces very well the quantum me-
chanical ground state molecular conformation of
ATC in vacuum. Molecular dynamics simulations
of ATC in aqueous solution using the proposed
potential show that the model is well-behaved in
the sense that ATC is capable of H-bonding to
water as bond acceptor and donor and its molecu-
lar conformations fluctuate around the optimized
geometry. The relative mobility of different parts
of the molecule reflects appropriately torsional
features impacted by factors such as electronic
resonance and the flexibility of the aliphatic chain.
As a result, the average electric dipole moment of
ATC in water increases by roughly 60% relative
to the gas phase value, indicating ATC’s ability to
polarize in a high dielectric constant environment.

Simulations of ATC in model phospholipid
bilayers show that the drug diffuses from the

FIGURE 3. (a) Superposition of the MM and DFT/PCM
minimized structures. (b) Superposition of the ATC
structures extracted from the aqueous solution simula-
tions together with the DFT/PCM optimized geometry
(thicker, orange traces). (c) Same as (b), but with the ar-
omatic ring alignment. [Color figure can be viewed in
the online issue, which is available at
wileyonlinelibrary.com.]

FIGURE 4. Radial pair distribution functions between
selected ATC atoms [see Fig. 1(a)] and water. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

FIGURE 5. Superposed snapshots of ATC in water
(left) and in the POPC membrane (right).
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aqueous environment to the interior of the mem-
brane and maintains a stable position there. That
agrees very well with the proposal of the role of
membrane on modulating the LA access to the
voltage-dependent sodium channel. In the mem-
brane, ATC exhibit a preferential U-shaped aver-
age conformation which is very similar to the
optimized structure in vacuum and presents the
same value of electric dipole moment.

The proposed CHARMM-like set of parameters
for ATC has been shown suitable for MD and
other molecular simulations studies of ATC in
aqueous solutions and in phospholipidic
biomembranes.
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