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Abstract. A description at the atomic level of detail of the interaction between local
anesthetics, lipid membranes and membrane proteins, is essential for understanding the
mechanism of local anesthesia. The importance of performing computer simulations to
decipher the mechanism of local anesthesia is discussed here in the context of the current
status of understanding of the local anesthetics action. As a first step towards accurate
simulations of the interaction between local anesthetics, proteins, lipid and water molecules,
here we use quantum mechanical methods to assess the charge distribution and structural
properties of procaine in the presence and in the absence of water molecules. The calculations
indicate that, in the absence of hydrogen-bonding water molecules, protonated procaine
strongly prefers a compact structure enabled by intramolecular hydrogen bonding. In the
presence of water molecules the torsional energy profile of procaine is modified, and hydrogen-
bonding to water molecules is favoured relative to intra-molecular hydrogen bonding.

Key words: mechanism of local anesthetics action; procaine; density functional
theory; computer simulations.
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1. INTRODUCTION

Local anesthetics are chemical substances that cause a local and re-
versible loss of pain sensation. These chemical compounds diffuse through the
lipid membrane and interfere with the functioning of voltage-gated sodium
channels, inhibiting the propagation of the action potential (for reviews see,
e.g., Refs. [1, 2]). In addition to causing anesthesia, local anesthetics im-
pact other proteins with essential cellular roles, such as, e.g., Gaq proteins
[3], potassium channel Kv1.1 [4], Ca** ATP-ase [5], kinesin [6], or spectrin
[7]. This capability to interfere with the functioning of key proteins renders
local anesthetics very attractive for pharmacological applications and, as a
consequence, aspects of the local anesthetics action have been studied inten-
sively. Although experiments provided valuable information on the physical
chemical properties of local anesthetics and on the interaction between local
anesthetics, proteins, and lipid membranes, the mechanism of local anesthesia
remains controversial. The recent advancements in computer simulation tech-
niques held promise that questions regarding the physical chemical principles
of local anesthetics action can be addressed at the atomic level of detail. But
reliable molecular dynamics simulations require an accurate description of the
structural properties of the local anesthetic, and of the interactions between
the local anesthetic and its environment (e.g., water, lipid molecules, or pro-
tein groups). Here, we employ quantum chemical calculations to analyze the
charge distribution, the structural and torsional properties of the local anes-
thetic procaine in the presence and in the absence of hydrogen-bonding water
molecules.

Tertiary amine local anesthetics, such as procaine (Fig. 1), have an am-
phiphilic nature and can exist in protonated and unprotonated forms. The
hydrophilic tertiary amine group is usually linked, via an amide or ester link-
age, to a hydrophobic aromatic group. Both the tertiary amine and the hy-
drophobic aromatic group are essential for the local anesthetics action, as
the formation of complexes between local anesthetics and their receptors in
the lipid membrane involves hydrogen bonding, hydrophobic, and m-electron
interactions [8, 9, 10, 11, 12].

An essential question regarding the mechanism of local anesthetics is
whether local anesthetics engage in non-specific interactions with the lipid bi-
layer or, local anesthetics bind to specific sites of the sodium channel. Both
these hypothesis have been investigated using various experimental approaches,
and it appears that an understanding of the mechanism of local anesthesia
requires detailed knowledge of the complex interactions between local anes-
thetics, lipid, water molecules, and the membrane-embedded sodium channel.
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Fig. 1 — Schematic representation of procaine in the unprotonated form.
For simplicity, hydrogen atoms are not depicted. R denotes -NHs.

Local anesthetics influence the structural, mechanical, thermodynamical,
and dynamical properties of lipid bilayers (reviewed in Ref. [2]; see, e.g., Refs.
[13, 14, 15]). The ability of local anesthetics to partition into the hydrophobic
environment of model membranes depends on the intrinsic hydrophobicity of
the local anesthetic [16], the transient location of the local anesthetic within
the lipid membrane depending on the physical-chemical properties of the local
anesthetic [17] and on the lipid phase [18]. In the presence of certain hy-
drophobic ions, the local anesthetic bupivacaine perturbs the mitochondrial
membrane to such an extent that there form proton leakage pathways [19].

The interaction between the local anesthetics and sodium channels de-
pends on the channel isoform and on the conformational state of the channel.
The functioning of the voltage-gated sodium channels involves protein con-
formational changes between the resting, open and inactivated states. The
resting (closed) state opens in response to depolarization, and then converts
into inactive, non-conducting states. The binding affinity of the local anes-
thetics appears to be higher for the open and inactive states than for the
resting state of the channel [20]. The sites for the binding of local anesthetics
to the open and inactivated channel might be different [21], and they may
become available upon conformational changes of the sodium channel [22, 23].
The binding site for local anesthetics is likely to be located inside the chan-
nel pore [24], being lined by the S6 transmembrane segments of the sodium
channel (see, e.g., Refs. [10, 23, 25]). Both hydrophobic groups (phenylala-
nine, leucine, isoleucine) and groups with hydrogen-bonding capability (e.g.,
asparagines, tyrosine) may be important for local anesthetic binding (see, e.g.,
Refs. [10, 26]). Protein groups forming the local anesthetics binding site might
also interact with ranolazine, a potential antiarrhytmic drug whose structure
resembles that of the local anesthetic lidocaine [27].

In addition to the protein groups from the inner pore, groups that are
part of the inactivation gate of the sodium channel may engage in specific
interactions with local anesthetics. The inactivation gate, which consists of
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the loop connecting domains IIT and IV of the sodium channel, contains a
phenylalanine whose 7-stacked interactions with the local anesthetic molecule
could stabilize the inactivated state [28]. It had also been proposed that
local anesthetics may bind to an additional, external site, leading to drug-
bound states which retain sodium ion conductivity, albeit with altered channel
kinetics [29].

Understanding the interaction between local anesthetics and sodium chan-
nels is further complicated by the fact that isoforms of the sodium channels
exhibit intrinsic differences in their sensitivity to local anesthetics, and their
reaction cycles may also involve various periods of time in which the inac-
tive state of the channel, with which local anesthetics preferentially interact,
is available. For example, the cardiac isoform of the sodium channel has a
higher binding affinity for lidocaine than, e.g., the skeletal muscle isoform,
and is also available in the inactive state for a longer period of time [30]. Spe-
cific differences between the amino-acid sequences of two of the S6 segments of
the Na, 1.7 and Na, 1.8 sodium channels isoforms were suggested to account for
the differences in the sensitivity to lidocaine of those two sodium channels [31].

Computer simulations of local anesthetics action are still in an incipi-
ent phase. Possible reasons why the interaction between local anesthetics and
sodium channels has been little studied by computational approaches reside in
the lack of optimized molecular mechanics parameters for the local anesthetic
molecules, and of accurate structural information about the sodium channel.
Recently, computer modelling of the sodium channel provided useful informa-
tion on putative conformations of the channel pore, and led to the suggestion
that the block of sodium channel might be mainly electrostatic [9]. Given the
inaccuracies that could be associated with structural models obtained from
homology modelling [32], validation of the electrostatic interactions scenario
requires experiments and reliable computer simulations.

Quantum chemical studies assessed the local anesthetics physical chemi-
cal properties [33, 34, 35|, and aspects of the interaction of local anesthe-
tics with water molecules [33], ions, peptide, and phosphate group models
[35]. AM1 quantum mechanical studies in which continuum models were used
to describe the solvent found low-energy conformers of the protonated ter-
tiary amine anesthetics characterized by intramolecular hydrogen bonding [34].
This is important, because the molecular size of a local anesthetic may influ-
ence the access of the drug to the sodium channel [36] and, moreover, pro-
tonated local anesthetics with compact geometries as result of intramolecular
hydrogen bonding should be more hydrophobic and hence could enter the
lipid membrane [34]. The formation of compact conformers via intramolecu-
lar hydrogen bonding could also explain the suggestion that cationic local
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anesthetics dissociating from the closed sodium channel might escape into the
lipid membrane [37].

The capability of local anesthetics to form inter-molecular hydrogen
bonds is another essential property that might determine the structure and
dynamics of complexes formed by local anesthetics with water, lipid and pro-
tein molecules. Molecular dynamics simulations of lidocaine in a dimyristoyl
phosphatidylcholine (DMPC) bilayers indicated strong hydrogen-bonding in-
teractions between a solvent water molecule and the tertiary amine nitrogen
of protonated lidocaine [38]. Unlike the neutral form, protonated lidocaine
also engages in hydrogen-bonding interactions with the lipid headgroups [38].

Here, the impact of hydrogen-bonding water molecules on the charge
distribution and torsional properties of procaine is investigated using Density
Functional Theory methods. The results discussed here will be valuable for
deriving a set of optimized molecular mechanics parameters to be used in
molecular dynamics simulations.

2. METHODS

Two different sets of calculations were performed as follows. In the first
set of calculations, the charge distribution of the protonated and unproto-
nated forms of procaine was computed in the absence of water molecules
and in the presence of three, and respectively two water molecules. In the
case of protonated procain, the three water molecules hydrogen bond to the
amide, carbonyl, and tertiary amine groups, whereas in the case of neutral
procaine the two water molecules hydrogen bond to the amide and carbonyl
groups, respectively. Using the Gaussian03 software [39], the protonated and
unprotonated procaine molecules (with and without water molecules) were
geometry-optimized at the BBLYP/6-31G** level. The electrostatic potential
fitting partial charges were computed using the Chelpg module of Gaussian03.

In the second set of calculations, a search for possible geometries of the
protonated procaine molecule was performed using constrained geometry op-
timizations and then the Conjugate Peak Refinement algorithm (CPR, [40]).
The calculations were performed in the absence and in the presence of water
molecules, using the approximate Density Functional Theory method SCC-
DFTB (self-consistent charge density functional tight binding [41]).

3. RESULTS AND DISCUSSION

The action of local anesthetics involves complex interactions between
local anesthetics, water, lipid, and protein molecules. In what follows, we
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discuss the impact of hydrogen-bonding water molecules on the charge distri-
bution and the preferred geometry of the local anesthetics molecule procaine
based on quantum chemical calculations.

The analysis of the partial charge distribution indicates a significant im-
pact of the hydrogen-bonding water molecule on the charge of the tertiary
amine nitrogen atom, protonated or unprotonated (Npp; see Fig. 1 for num-
bering of the procaine atoms). At the B3LYP/6-31G** level, the partial
charge of the neutral amine nitrogen Ny is —66.837 x 10~2¢ in the presence
of hydrogen-bonding water, as compared to 15.429 x 10~2e in the absence of
water. In the case of protonated procaine, the partial charge on the N1; atom
is —13.777 x 10~2¢ in the presence of water, and 25.832 x 10~2e¢ in the absence
of the hydrogen-bonding water molecule. This effect of water molecules on
the charge distribution of procaine will need to be accounted for in molecular
dynamics simulations of procaine.
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Fig. 2 — Minimum-energy profile for torsion around the Cs—C7 bond in
the absence of hydrogen-bonding water molecules. The reaction coordinate
A, gives the sum of the change in all atomic coordinates along the path,
measured as root-mean-squared differences [40]. A was normalized to the
total length of the path. The C5—Cg—C7—0s dihedral angle is —197.7° at
A =0, and 0.8° at A = 1. The energies are SCC-DFTB-optimized values
(in kcal/mol), taken relative to the energy value at A = 0. Insets show the
geometry of the procaine molecule along the pathway.

The energy profile for twisting around the Cg—C7 bond indicates that
the intrinsic energy barrier could allow moderate bond twisting without a
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significant energy cost. For example, in the gas-phase, it costs ~ 3 kcal/mol
to twist the C¢—C7 bond by 33 degrees (A = 0.3 in Fig. 2), and ~ 6 kcal/mol
to twist the C¢—C7 bond by 53 degrees (A = 0.4 in Fig. 2).
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Fig. 3 — Minimum-energy profile for torsion around the Cy—Cio bond
in the absence (A) and in the presence (B) of hydrogen-bonding water
molecules. In panel (A), the Og—Cyg—C19—Ny; dihedral angle is 177.2° at
A =0, and —26.7° at A = 1. In panel (B), the values of the dihedral angle
are 178.7° at A =0 and —41.4° at A = 1.

In the absence of water molecules, intra-molecular hydrogen bonding be-
tween the carbonyl and the protonated amine nitrogen group leads to the
formation of a more compact geometry that is ~ 5 kcal/mol lower in en-
ergy than the extended geometry. In the lowest-energy conformer (A = 1 in
Fig. 3A), the distance between the protonated tertiary amine nitrogen (Nij)
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and the carbonyl oxygen (O¢) is 2.7 A, and the N1;—O16—H;; angle is 14.8°.
Breaking this strong intra-molecular hydrogen via rotation around the C9g—C1g
bond requires 8.3 kcal/mol (Fig. 3A). Such a geometry characterized by intra-
molecular hydrogen bonding could allow incorporation of protonated procaine
in the hydrophobic environment of a lipid membrane, or in a hydrophobic
protein pocket.

Relative to the gas-phase calculation above, the presence of hydrogen-
bonding water molecules changes significantly the energy profile and structural
changes associated with the rotation around the C9—Cqg bond of protonated
procaine. Relocation of water molecules accompanies the rotation around the
Cy9—C1g bond, such that the hydrogen bond with the carbonyl and tertiary
amine nitrogen groups are preserved. As a consequence, there is no longer
a direct, intra-molecular hydrogen bond between these two groups. In the
lowest-energy conformer (A = 1 in Fig. 3B), the distance between the O1g
and Nj; atoms is 3.6 A, which is too long for a hydrogen bond. Instead, the
carbonyl and tertiary amine nitrogen groups engage in strong (2.7 — 2.8 A)
hydrogen bonds with water molecules (see insets in Fig. 3B).

4. CONCLUSION

The procaine local anesthetic is a relatively flexible molecule whose ge-
ometry can be significantly influenced by water molecules. In the absence of
water, the lowest-energy geometry of protonated procaine is characterized by
a strong intra-molecular hydrogen bond. This hydrogen bond is no longer
formed in the presence of water molecules. In that latter case, the tertiary
amine nitrogen and the carbonyl groups hydrogen bond to water molecules.
The results discussed here will be useful for deriving optimized molecular me-
chanics parameters for molecular dynamics simulations.
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