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Local anesthetics (LAs) are drugs that cause reversible loss of nociception during surgical procedures.
Articaine is a commonly used LA in dentistry that has proven to be exceptionally effective in penetrating bone
tissue and induce anesthesia on posterior teeth inmaxilla andmandibula. In the present study, our aimwas to
gain a deeper understanding of the penetration of articaine through biological membranes by studying the
interactions of articaine with a phospholipid membrane. Our approach involves Langmuir monolayer
experiments combined with molecular dynamics simulations. Membrane permeability of LAs can be
modulated by pH due to a titratable amine group with a pKa value close to physiological pH. A change in
protonation state is thus known to act as a lipophilicity switch in LAs. Our study shows that articaine has an
additional unique lipophilicity switch in its ability to form an intramolecular hydrogen bond. We suggest this
intramolecular hydrogen bond as a novel and additional solvent-dependent mechanism for modulation of
lipophilicity of articaine which may enhance its diffusion through membranes and connective tissue.
yl-phosphatidylcholine; GAFF,
lock; LA, local anesthetic; MD,
ce; NPT, constant number of
nstant number of particles (N),
yl-phosphatidylcholine; (R)-A,
of (R)-articaine; (S)-A, neutral
ntial; RMSd, root mean square

Jonas Lies vei 91, 5009 Bergen,

en).

ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Articaine is a small molecule drug commonly used as a local
anesthetic by dentists to alleviate pain during dental procedures. It is
one of many local anesthetics (LAs), a collection of drugs sharing some
structural characteristics in that they contain a hydrophobic aromatic
part and a basic secondary or tertiary amine [1]. In the two major
classes of local anesthetics the hydrophobic part and the amine are
linked either through an ester or amide bond, giving rise to amino
ester or amino amide local anesthetics. Articaine belongs to the latter
group, and the structures of articaine and lidocaine, the most
commonly used drugs from this group, are shown in Fig. 1.

Although articaine contains the same basic structural character-
istics as the other amino amide local anesthetics, it has some unique
features. As opposed to most of the other amino amide LAs, it has a
thiophene ring as the aromatic moiety. Furthermore, it contains an
aromatic methoxycarbonyl substituent, a structural element not
present in the other members of this group. Both features are
pharmacokinetically advantageous. The methoxycarbonyl substituent
makes articaine a suitable substrate for plasma cholinesterases, the
consequence being a short half-life. The presence of the methoxy-
carbonyl-substituted thiophene is generally accepted to contribute to
a higher lipophilicity of articaine compared to the other amino amide
local anesthetics [2], and articaine shows a better ability to penetrate
bone and tissue compared to LAs in general [3,4]. Articaine has
provided a higher success rate than lidocaine in anesthetizing
mandibular and maxillary posterior teeth by buccal infiltration [5–
7], and the prescence of the thiophene ring has been suggested as a
plausible explanation [6]. As a supplement to lidocaine inferior
alveolar nerve block (IANB), articaine buccal infiltration also pro-
duced a higher degree of pulpal anesthesia of mandibular teeth than
was the case with IANB alone [8]. Lidocaine, on the other hand, did not
significantly increase the efficacy of lidocaine IANB in an analogous
experiment [9]. Articaine's favourable diffusion properties has
inspired studies where it is utilized clinically. It has for instance
been successfully added to a local anesthetic regimen originally
containing lidocaine and bupivacaine for surgery taking place close to
the muscular fascia [10]. The authors report previous difficulties in
anesthetizing this area satisfactorily with other amide LAs, and that
required consistent pain relief is achievedwith articaine as an adjunct.
In addition, limited diffusion of LAs has been the main argument for
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Fig. 1. Two amino amide local anesthetics, articaine and lidocaine.

Fig. 2. POPC structure. Schematic representation of palmitoyl-oleoyl-phosphatidylcho-
line with atom names (O#) denoting oxygens referred to in the text.
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trying articaine as a peribulbar anesthetic in cataract surgery, where it
has proved to be more efficient than the mixture of lidocaine and
bupivacaine conventionally injected [11].

Despite the clinical discoveries, the exact molecular mechanism of
articaine action is not apparent. LAs are known to inhibit the passage
of electrical signals in certain nerve fibers [1]. They thereby prevent
impulses usually interpreted as pain from reaching their destination
in the brain. The most widely accepted theory of the mechanism
involves crossing of the LA through the neuronal membrane, followed
by specific inhibition of transmembrane sodium channels responsible
for the initiation and transport of signals along the nerve cell [1].
Access to the binding site is proposed to be from the axoplasmic side.
Articaine is no exception and appears to exert its local anesthetic
effect by the same mechanism [12]. The structural characteristics
common to all LAs are of the utmost importance to the mechanism of
action and their function as pain relieving remedies. In order to be
efficient and potent, the LA has to be hydrophilic enough to stay in
solution, yet sufficiently hydrophobic to permeate nerve sheath. The
pKa values for the secondary and tertiary amines of the local
anesthetics are in the range of 7.6–8.2, except for dibucaine which
is the strongest base with a pKa of 8.8. Articaine has a pKa value of 7.8
[13]. Consequently, about 28.5% of the molecules will be neutral at
physiological tissue pH, ensuring that a sufficient proportion of the
drug is readily available for diffusion into the axoplasm and able to
reach the site of action. In addition to the well-established receptor-
mediated mechanism of action for local anesthetics, biological
membranes have been suggested as the primary target (for a review,
see [14]). Similar non-specific non-receptor mediatedmodes of action
have been postulated for other drugs currently in clinical use, e.g. for
the antipsychotic drugs chlorpromazine [15] and olanzapine [16].
These drugs are thought to indirectly influence function of membrane
proteins by altering membrane properties through intercalation into
the lipid bilayer. Interestingly, lidocaine has been found to increase
the electrostatic potential of a membrane, as investigated by
molecular dynamics (MD) simulations [17]. The changes were
concluded to be significant enough to potentially interfere with the
normal function of sodium ion channels spanning the membrane.

Even though articaine is an approved drug, it seems that much
remains to be elucidated regarding themechanisms bywhich it exerts
its pharmacological effects. Such detailed knowledge is of importance
in the era of rational, structure-based drug design, andwe believe that
computational methodology has the potential of contributing to a
deeper understanding in this respect. Molecular dynamics (MD)
simulations is a deterministic method capable of predicting time-
resolved atomic scale dynamics of a system. As such, it is valuable for
investigating molecular mechanisms. Performing and developing
methods for MD simulations on biological membranes is challenging.
Because of the inherent fluidity of lipid bilayers, there is not a great
deal of experimental data of high detail to validate simulations [18].
The challenge faced is reflected in difficulties in reproducing
experimental findings in membrane simulations. One such difficulty
is to reproduce the area per lipid without either adding surface
tension [19–23] or using constant volume [24–26] or fixed cross-
sectional area [27–31]. Nevertheless, experimentally validated areas
per lipid have recently been achieved in tensionless constant pressure
simulations of phosphatidylcholine bilayers with CHARMM [32–34]
and GROMOS [35] force fields.
The aim of the present study was to gain insight into how articaine
interacts with biological membranes by applying the experimental
Langmuir monolayer technique in combination with all-atom MD
simulations within the AMBER program package [36,37]. As a
membrane model for MD simulations we have used a bilayer
composed solely of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC, see Fig. 2), and equilibration and validation of the
membrane were prerequisites for obtaining reliable results.

The Langmuir monolayer technique was employed to establish
intercalation of articaine into POPC monolayers and to determine the
area occupied by each lipid, an important experimental quantity in
validation of lipid membrane simulations. There are no specific lipid
parameters within AMBER. However, the general amber force field
(GAFF) [38] has been applied for simulations of phospholipid
membranes [21,22,39], and we also decided to use GAFF.

2. Materials and methods

2.1. Langmuir monolayer experiments

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was
supplied in powder form by Avanti Polar Lipids Inc. Na2HPO4 · 12
H2O and NaH2PO4 · H2O were obtained from Fluka Chemika and
Merck, respectively. The subphase buffer (10 mM Na2HPO4 · 12 H2O,
10 mM NaH2PO4 · H2O, pH 7.0) was prepared in Milli-Q water. POPC
was dissolved in chloroform to give a 1 mg/mL lipid solution.
Langmuir compression experiments [40] were performed using a
KSV Minitrough made of Teflon with two movable, symmetric Delrin
barriers (KSV Instruments Ltd, Helsinki, Finland). Subphase buffer
temperature was kept constant at 27±1 °C in all experiments by a
thermostat connected to the trough. The surface of the subphase was
cleaned with a Pasteur pipet linked to a vacuum pump in order to
remove any dust particles present before addition of the lipid
monolayer. 20 μL of lipid solution was applied cautiously to various
sites on the surface of the subphase, drop by drop using a Hamilton
syringe. Chloroform was allowed to evaporate for an interval of at
least 5 min between application and start of the compression. Barriers
were compressed with a constant rate of 5 mm/min. A platinum
Wilhelmy plate, in combination with an electric balance, recorded the
changes in surface pressure, giving rise to surface pressure-area
isotherms. Three parallels were carried out.

Articaine hydrochloride powder from Denamed AS (Strømmen,
Norway) was dissolved in the buffer to give a 25 mg/mL articaine
solution. Thereafter, an L-shaped syringe was used to inject the LA
into the subphase of a POPC monolayer film already compressed to
30 mN/m, as described by Glomm et al. [41]. Care was taken not to
influence or disrupt the monolayer. In order to optimize drug
uniformity in the subphase, the syringe was moved from side to
side along the bottom of the trough while 2 mL of articaine solution
were injected slowly and carefully, resulting in a final articaine
concentration of about 200 μg/mL in the subphase buffer. Half of the
drug solution was injected from the outside of one barrier and the
other half from outside of the other barrier. Air bubbles were removed
from the syringe prior to the injection procedure. Themeanmolecular
area recorded as a function of time and at the constant surface
pressure of 30 mN/m was a qualitative measurement of articaine
intercalation.

image of Fig.�2
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2.2. MD simulations

Electrostatic potential surfaces were calculated at the HF/6-31G*
level with Gaussian03 [42] and atomic point charges fitted by a RESP
procedure [43]. GAFF atom types [38] were assigned with Antecham-
ber [44]. GAFF has previously been applied to simulate lipid
membranes with constant surface tension [21,22]. The starting point
for generation of atomic point charges for POPC was the PDB of a
membrane from the Karttunen Groupwebsite, Department of Applied
Mathematics, University of Western Ontario [45]. Previously simu-
lated for 30 ns and consisting of 128 POPC molecules, this bilayer
contained a representative collection of conformations. As a compro-
mise between computational efficiency and structural diversity, six
conformationally divergent POPC lipids were chosen to constitute the
basis for charge derivation for our all-atom model. The average point
charges calculated for the whole lipid molecule from these six
conformations were used in POPC simulations.

All the minimizations and simulations were performed with the
AMBER 9 program package [37]. GAFF parameters and self-developed
charges were used for lipids and articaine (Fig. 3), while water
molecules were of the TIP3P model [46].

The systems were placed in periodic boxes, and electrostatic
interactions summed by the particle mesh Ewald method [47,48]
using a fourth-order B-spline interpolation, a grid spacing below 1 Å
and a direct sum tolerance of 10−5. To truncate van derWaals forces, a
cut-off of 10 Å was applied. The SHAKE algorithm [49] was used to
constrain covalent bonds involving hydrogen atoms, allowing for a
time step of 2 fs. Anisotropic pressure scaling was applied during
constant pressure simulations, with a target of 1 bar in each
dimension. Initial simulations under these conditions, without
positional restraints, produced membranes that were too highly
compressed (data not shown), as observed for similar systems in the
literature [21,22,34,35,50]. Commonly employed approaches to
circumvent this problem have been application of a constant positive
Fig. 3. The structure of neutral (R)-articai
surface tension to increase the lateral area of the membrane [19–23]
or to keep the cross-sectional area of the bilayer fixed [27–31].
However, these functionalities are not currently implemented in
Amber and we followed an alternative approach to restrain the cross
sectional area of our membrane. Positional restraints were applied to
the lipids lining the simulation box in order to conserve area per lipid
during density adjustment before constant volume was used for
production runs. The NVT ensemble has previously been applied to
successfully simulate lipid membranes with Amber [26]. In addition,
Prates et al. [51] applied a similar setup to simulate articaine in
presence of a POPC lipid bilayer. In this study articaine was simulated
with parameters for the CHARMM c35b2 release of the force field [52]
with the NAMD simulation engine [53], applying constant surface area
corresponding to an area per lipid of 65 Å2. During heating and
equilibration, the Langevin thermostat [54] regulated the tempera-
ture. On changing to production runs, it was replaced by the
Berendsen thermostat [55]. Simulation temperature was kept at
300 K, well above the phase transition temperature of−2 °C for POPC
[56]. Different force constants for positional restraints were applied;
500 kcal/mol Å2 for minimization and 10 kcal/mol Å2 for equilibration
simulations. Snapshots from every 10th ps of the simulations were
saved and used for processing in AMBER ptraj and for visualization of
the dynamics in VMD [57].

The initial configuration of the pure POPC membrane was the
previously mentioned PDB from the Karttunen Group website [45],
consisting of 128 POPC molecules in a bilayer hydrated by 3655 water
molecules and with an area per lipid of 64.8 Å2. Minimization and
equilibration of the pure bilayer was carried out as follows: (i)
Minimization for 2000 steps with positional restraints on heavy atoms
(non-H atoms) of the lipids; (ii) Minimization for 5000 steps without
restraints; (iii) 50 ps heating from 0–300 K with NVT ensemble
(constant number of particles (N), volume (V) and temperature (T))
and positional restraints on the lipids; (iv) 5 ns equilibration with NPT
(constant number of particles (N), pressure (P) and temperature (T))
ne and derived atomic point charges.

image of Fig.�3
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ensemble, anisotropic pressure scaling at 1 atm and positional
restraints on the lipids lining the box edges; (v) 60 ns simulation at
constant pressure (NPT) without positional restraints. This procedure
was found to produce unrealistic behavior of the bilayer and we
therefore switched to simulate at constant volume also for (v) above.
See further elaboration on this under the results section. Starting
conformation of the lipid bilayer together with neutral (R)-articaine
(denoted (R)-A) and positively charged (R)-articaine (denoted
(R)-AH+) was based on the equilibrated bilayer after 60 ns of NVT
simulation. Initial coordinates for the articaine-POPC system was
prepared by molecular docking with the Dock 6.1 software [58]. The
leaflet defined as “receptor” for docking was extracted from the end
structure of the pure lipid bilayer simulation. Water was removed
from the coordinates prior to receptor preparation and the highest
ranked conformation of(R)-A and (R)-AH+, evaluated by a force field
based scoring function [59], was selected for MD simulations. Water
molecules present in the original lipid bilayer were reintroduced and
solvent residing within 1 Å of the articaine molecule was deleted.
Generation of periodic boxes and subsequent topology and coordinate
files resulted in two different simulation systems (A and B in Table 1).
An additional model (system C) for neutral (S)-articaine was created
from the system containing neutral (R)-articaine. Charges were
derived and GAFF atom types assigned by the use of Gaussian [42],
RESP [43] and Antechamber [44]. Each articaine-POPC system
(systems A–C in Table 1) contained one articaine molecule.

The same protocol as applied for equilibrating the lipid bilayer (as
previously discussed) was used for the membrane–articaine com-
plexes (systems A–C in Table 1), except that the final NVT run was
increased from 60 ns to 100 ns to produce trajectories for analysis. In
addition, simulations of neutral articaine species in water (systems D
and E in Table 1) were conducted, for which the procedure was as
follows: i)Minimization for 1000 steps; ii) 100 ps equilibration at
300 K with NPT ensemble; iii) 500 ns simulation with NPT ensemble.
Starting conformations of articaine were the same as for the POPC
simulations.

Trajectory analyses were mainly done with AMBER ptraj. The
degree of order in the acyl chains of membrane lipids can be
quantified by means of deuterium order parameters (SCD). High SCD
values signify a high degree of order and vice versa. Order parameters
for the palmitoyl (sn-1) and oleoyl (sn-2) acyl chains were calculated
from the last 16 ns of the NPT and NVT simulations of the pure POPC
membrane using the following equation:

SCD = 0:5〈3cos2θ–1〉 ð1Þ

θ is the angle between the bilayer normal and the C–H vector for a
given carbon atom in the hydrocarbon tail. Z translation analysis was
performed with the g_traj application included in GROMACS 4.0.5
[60]. g_traj extracted the z coordinates for the center of mass (CM) of
the monolayer phosphorus atoms and the corresponding coordinates
for the CM of articaine from each trajectory. The distance in the z
dimension between the centers of mass of the phosphorus atoms in
each leaflet was treated as POPC membrane thickness. The hydrogen
Table 1
Summary of the different articaine simulation systems in the present study.

System Articaine
forma,b

Number of
POPC

Number of TIP3P
waters

Simulation
timec

A (R)-A 128 3644 100 ns
B (R)-AH+ 128 3645 100 ns
C (S)-A 128 3644 100 ns
D (R)-A – 859 500 ns
E (S)-A – 886 500 ns

a (R) and (S) denote the R and S enantiomer, respectively.
b AH+=positively charged; A=neutral.
c Heating step excluded.
bonding facility of ptraj (hbond) was utilized to quantify interactions
in the simulations. For an interaction to be regarded as a hydrogen
bond, the distance between the non-hydrogen atoms had to be less
than 3.5 Å and the donor-hydrogen-acceptor angle greater than 120°.
Hbond returns only details about individual bonds. As an additional
analysis, we used only the distance (3.5 Å) as criterion for hydrogen
bonds, as this made it possible to group similar and simultaneously
present interactions as one single hydrogen bond occurrence (see
Results section).

3. Results

3.1. Langmuir monolayer experiments

The Langmuir compression experiments performed on mono-
layers of POPC resulted in an area per lipid of 64.0±0.3 Å2 at 30 mN/
m. Results from three parallel runs are presented in Fig. 4.

In the articaine injection experiments the POPC monolayer was
allowed to equilibrate for a couple of minutes at 30 mN/m before
articaine was injected into the subphase. The choice of surface
pressure originated from the proposed internal lateral pressure of
biological membranes, suggested to be 30–35 mN/m [61]. The
presence of articaine caused the barriers to move and induced a
12–13% increase in the mean molecular area of the monolayer film in
two parallels.

3.2. Molecular dynamics simulations

Membrane thickness for the constant pressure simulation equil-
ibrated after about 40 ns and remained stable at 44.30±0.28 Å over
the last 20 ns of pure POPC simulation. The thickness of the bilayer
remained stable at 38.43±0.14 Å for the entire constant volume
simulation, and the area per lipid was 64.3 Å2. Order parameters (SCD)
for the sn-1 palmitoyl and sn-2 oleoyl acyl chainswere calculated over
the last 16 ns of both pure POPC simulations. The computed values
from the two simulations are shown in Fig. 5, along with experimental
data derived from deuterium NMR spectroscopy [62,63].

The initial constant pressure simulation of the POPC bilayer
produced unrealistic behavior with respect to area occupied per
lipid, membrane thickness and order parameters. The membrane
simulated with constant volume was found to better reproduce
experimentally observed values for thickness and deuterium order
parameters. Simulations with (R)-AH+ in complex with the POPC
membrane resulted in trajectories where the articaine molecule made
stable electrostatic interactions with the lipid headgroups throughout
Fig. 4. Langmuir compression isotherms. The three parallels for POPC are represented
by black, dark gray and light gray lines. The NaH2PO4/Na2HPO4 subphase buffer of pH 7
was kept at 27±1 °C. At 30 mN/m the area per lipid was found to be 64.0±0.3 Å2.
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Fig. 5. Deuterium order parameters for the sn-1 palmitoyl (Panel A) and sn-2 oleoyl
(Panel B) chains computed from the last 16 ns of the NPT (black solid line with filled
circles) and the NVT (dotted line with open circles) simulations of the pure POPC
bilayer system. The black squares and the dark gray diamonds represent experimental
data recorded at 27 °C [63] and 30 °C [62], respectively.

Fig. 7. Hydrogen bond distance analysis. Each of the panels show the occupancies of
different hydrogen bond occurrences taking place either within articaine or between
the LA and POPC lipids in systems A to C in Table 1. Panel A: The internal hydrogen bond
between the amine nitrogen and the ester carbonyl oxygen (for illustrative snapshots,
see Fig. 8). Panel B: Hydrogen bond interaction between the LA and fatty acid carbonyl
oxygens in POPC (atoms O16 and O35 in Fig. 2). Panel C: Hydrogen bond occurrence
between articaine and phosphate oxygens in POPC (atoms O9 and O10 in Fig. 2).
Simulation time has been divided into four equally spaced intervals, resulting in four
sequential phases on the x axis, each comprising 25 ns. Neutral (R)-articaine is
represented by black bars, neutral (S)-articaine by grey bars and positively charged (R)-
articaine by brown bars in all three panels.
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the simulation, preventing complete intercalation into the membrane
interior. The neutral forms of articaine, (R)-A and (S)-A, did not make
strong interactions with the headgroups and were observed to
penetrate into themembrane interior. The trajectories were subjected
to various analyses and Fig. 6 shows the translation of articaine
(center of mass) along the bilayer normal (Z translation).

The bar charts in Fig. 7 depict important hydrogen bond
occurences, both within articaine and between articaine and POPC
Fig. 6. Z translation analyses. Movement along the bilayer normal for the center of mass
of neutral (R)-articaine (black line), positively charged (R)-articaine (dark gray line)
and neutral (S)-articaine (light gray line) in the POPC membrane system. Zero on the y
axis denotes the center of mass of the phosphorus atoms in the membrane leaflet.
lipids (O9/O10 and O16/O35 in Fig. 2). Simulation time has been
divided into four sequential phases, each consisting of 25 ns, to
describe the intercalation event. An intramolecular hydrogen bond
between the carbonyl oxygen of themethoxycarbonyl substituent and
the secondary amine (see Figs. 1 and 7) was formed in both (R)-A and
(S)-A. A similar intramolecular hydrogen bond was not observed for
(R)-AH+.

This internal hydrogen bond occurrence is correlated with the
entrance of articaine into the membrane interior, as illustrated in
Fig. 8, which shows the first 10 ns of the (R)-A/POPC simulation with
concurrent breaks in all three curves between the 4th and 5th
nanoseconds.

Simulations of (R)-A and (S)-A in aqueous surroundings (systems
D and E in Table 1) were conducted for the sake of comparison with
the behavior of the same molecules interacting with the POPC
membrane, focusing on the possible formation of the internal
hydrogen bond previously mentioned. The intramolecular hydrogen
bond existed 0.2% of the time when (R)-A explored conformational
space in pure water compared to 8.1% in the membrane simulation.
The corresponding occupancies derived for (S)-A in water and in the
membrane system were 0.8% and 4.6%, respectively.

image of Fig.�5
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Fig. 8. Trajectory analyses from the first 10 ns of the simulation of neutral (R)-articaine
and POPC as functions of simulation time. Panel A: Z translation for the center of mass of
articaine. Panel B: RMSd of articaine. The starting structure was used as the reference.
The snapshots shown are representative of the conformations seen before (left) and
after (right) the RMSd transition occurring between the fourth and fifth nanosecond. To
avoid noise, hydrogens are not shown. The dashed purple line and the accompanying
purple number represent the intramolecular distance (Å) between the amine nitrogen
and the ester carbonyl oxygen.
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4. Discussion

Our experimentally determined area per lipid of 64.0±0.3 Å2 for
POPC (Fig. 4) is close to a previously reported area per lipid of 63 Å2,
also found by Langmuir compression of a POPCmonolayer [64]. In this
previous study the buffer subphase had a pH of 6.6 and the
temperature was set to 24±1 °C, which may account for the slight
discrepancy between the obtained areas per lipid. However, several
different examples of experimental areas appear in the literature,
where different methods and conditions have been applied [65–67].
In conclusion, an area of 64.3 Å2 per lipid for our MD simulations
seems reasonable in relation to our Langmuir experiments as well as
other experimental studies. The injection method [41] enabled us to
adjust the surface pressure of the POPC monolayer to the physiolog-
ical value of 30 mN/m prior to injecting articaine. The observed
12–13% increase in mean molecular area can be ascribed to
intercalation of articaine into the monolayer.

The experimental membrane thickness of a POPC bilayer, defined as
the separation between electron density maxima obtained from X-ray
scattering experiments, has been found to be 37 Å at 30 °C [66]. The
average membrane thickness calculated from our constant volume
simulation, defined as the distance between the center of mass of
phosphorous atoms in the two leaflets, was found to be 38.43±0.14 Å
and is in fairly good agreement with experiment. Deuterium order
parameters for the oleoyl acyl chain calculated from ourNVT simulation
are in good agreement with SCD parameters obtained by NMR for POPC
[62,63]. Corresponding values for the palmitoyl acyl chain also agree
fairly well with experimental data [68], indicating that our NVT
simulations are able to reproduce experimentally observed behavior.
For both acyl chains, order parameters from the NVT simulation lie
significantly closer to NMR data than the ones obtained with the NPT
ensemble.

FromFig. 6 it appears that (R)-AH+and the neutral forms intercalate
almost equally well into the hydrophobic core of the lipid bilayer. This
plot shows the center of mass of the articainemolecules with respect to
the bilayer normal. However, the orientations of the articainemolecules
are different with (R)-AH+ accomodating a snorkeling orientation and
remaining at the interfacial region with only the thiophene ring buried
into the hydrophobic part of the membrane. The neutral forms, on the
other hand, were totally embedded in the lipophilic environment, in a
less extended conformation. The difference in preferential locations is
also evident from what interactions the different articaine molecules
participated in (Fig. 7). (R)-AH+ was found to interact extensively with
POPC phosphate oxygen atoms throughout the simulation (Panel C), in
agreement with consistent snorkeling behavior which is a mechanism
thought to be involved in the interaction of peptides and proteins with
membranes [69].

Both enantiomers of the neutral state of articaine intercalated into
the POPC membrane in the MD simulations. Articaine intercalation and
incorporation intomembraneshave also been indicatedexperimentally,
both in this work and by others [70,71]. The general observations of
snorkeling and differences in penetration depth are reminiscent of
findings in a MD simulation study of charged and neutral lidocaine
molecules in a DMPC bilayer [72]. The study is of relevance, considering
both the structural similarities between articaine and lidocaine and the
use of a phosphatidylcholine membrane model. Interestingly, lidocaine
altered the electrostatic potential of the DMPC membrane to such a
degree that it was suggested to influence the function of ion channels in
the membrane [17].

The most striking observation in this study was the formation of an
intramolecular hydrogen bond and its implication for the intercalation
of neutral articaine into the hydrophobic interior of the lipidmembrane.
It is evident fromFig. 6 that (R)-A quickly descends from themembrane/
water interface and into the hydrophobic region of the POPC bilayer. The
decisive event is the formation of the internal hydrogen bond, as shown
in Fig. 8 that focuses on the first 10 ns of simulation. Panel A shows
translation of articaine along the bilayer normal, indicating that
articaine enters the membrane interior after 4 ns of simulation. Panel
B shows the interatomic distance between the secondary amine
nitrogen and the carbonyl oxygen of the methoxycarbonyl substituent
in (R)-A indicating that a stable hydrogen bond is formed at the same
timeasarticaineenters themembrane. Representative conformationsof
the “pre” and “post” hydrogen bond ensembles are shown in the plot.
Thus, it seems apparent that the ability to form an intramolecular
hydrogen bondhas an effect on the lipophilicity of articaine, as has been
shown for other compounds [73], and is the decisive event for
intercalation into the POPC bilayer in our simulations. This intramolec-
ular hydrogen bond was also observed for (S)-A with a calculated
occupancy of 4.6% in the membrane simulation (versus 0.8% in water).
Even so, bond formation was hampered in the first phase of the
simulation by a favorable interaction between the amide in articaine
and a POPC phosphate oxygen (Panel C in Fig. 7). Breakage of this
interaction was immediately followed by diffusion of (S)-A into the
membrane. The general behavior and interactions of (R)- and (S)-
articaine with the membrane are similar and the observed minor
differences aremostprobably related to the simulationsexploringphase
space somewhat differently.

Substantially higher occupancies of the intramolecular hydrogen
bond in (R)-A and (S)-A were observed in the articaine-membrane
simulations than in the articaine-water simulations (systems D and E
in Table 1). It was practically not present in aqueous surroundings, the
very low occupancies being almost negligible. Still, in contact with the
POPC membrane, either at the interface or inside, the hydrogen bond
was considerably more stable. Hence, the molecule's tendency for the
internal bond formation seems to be strongly dependent on the
surrounding environment. This behavior of articaine is similar to what

image of Fig.�8
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has been found in simulations performed with parameters developed
for the CHARMM force field [51]. The authors describe a difference in
conformational space explored by articaine that is dependent on the
environment. In aqueous environment articaine is able to form
hydrogen bonds with water molecules while it is more compact and
has a lower dipole moment in the POPC bilayer. Although the authors
do not explicitly describe an internal hydrogen bond, it appears that
their compact “U-shaped” articaine conformation observed in the
POPC membrane is very similar to our conformation (Fig. 7B). Our
results correlate very well with those of Prates et al. [51], indicating a
conformational preference of articaine that is dependent on the
environment. In hydrophobic surroundings the drug is able to form an
internal hydrogen bond, which reduces its conformational flexibility,
dipole moment [51] and hydrophilicity.

The better ability of articaine to traverse bone and tissue compared
to the other LAs has been ascribed to the thiophene ring [4,6,3].
However, thiophene itself is actually less hydrophobic than benzene, and
the experimentally measured logP values for the two compounds are
reported to be 1.81 and 2.13, respectively [74]. Substituted thiophenes
are also consistently reported to have lower experimentally deter-
mined logP values than the corresponding substituted benzene
derivatives [74]. On the other hand, it may very well be that it is
instead the intramolecular hydrogen bond that contributes to give
articaine its favorable properties. The contribution of intramolecular
hydrogen bonds to increased lipophilicity of small molecules has
recently been clearly demonstrated [73]. It was consistently found
that derivatives devoid of the ability of intramolecular hydrogen bond
formation were less lipophilic based on experimentally measured
logD values. In the same study it was found that calculated logP
(clogP) values for small molecules capable of forming intramolecular
hydrogen bonds were underestimated by a value of 0.4 for each bond
[73]. By virtue of intra- or intermolecular hydrogen bonds, the polar
surface area of both small organic molecules and natural products are
postulated to enhance lipid solubility and thereby membrane
permeability [73,75]. As such, the observed intramolecular hydrogen
bond in our simulations can be implicated in the success of articaine in
certain clinical situations where other LAs have been less effective or
inadequate [5,6,8,10,11]. Accordingly, our simulations imply that the
methoxycarbonyl substituent has functional implications beyond
making articaine a suitable substrate for cholinesterases which leads
to rapid inactivation. As pointed out before, the methoxycarbonyl
substituent is not found in other amino amide LAs [76].

5. Conclusion

In conclusion, we propose that the lipophilicity of articaine can be
modulated by the formation of an intramolecular hydrogen bond in
addition to the general pKa-dependent switch between protonation
states used by all LAs. The potential for internal hydrogen bonds is thus
an important aspect to consider in thedesignof newLAs andother drugs
that should be able to cross hydrophobic barriers, without diminishing
solubility in water. The ability of articaine to form an internal hydrogen
bond, as observed in our MD simulations, appears to be a mechanism
unique to articaine, enabling an increased lipid solubility, which may
explain its superior bone and tissue penetration and anesthetic efficacy
on posterior maxillary and mandibular teeth, compared to other LAs.
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