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• The local anaesthetics benzocaine and
phenytoin partition into a lipid mem-
brane.

• Both drugs face a barrier to cross the bi-
layer centre.

• Both drugs can pull water into the
membrane and create extended water
chains.

• Once in the membrane they can alter
bilayer properties or reach target
proteins.

• Results depend on atomic charges show-
ing importance of validating new drug
parameters.
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Molecular dynamics simulations were used to examine the partitioning behaviour of the local anaesthetic ben-
zocaine and the anti-epileptic phenytoin into lipid bilayers, a factor that is critical to their mode of action. Free
energy methods are used to quantify the thermodynamics of drug movement between water and octanol as
well as for permeation across a POPC membrane. Both drugs are shown to favourably partition into the lipid bi-
layer fromwater and are likely to accumulate just inside the lipid headgroupswhere theymay alter bilayer prop-
erties or interact with target proteins. Phenytoin experiences a large barrier to cross the centre of the bilayer due
to less favourable energetic interactions in this less dense region of the bilayer. Remarkably, in our simulations
both drugs are able to pull water into the bilayer, creating water chains that extend back to bulk, and which
may modify the local bilayer properties. We find that the choice of atomic partial charges can have a significant
impact on the quantitative results, meaning that careful validation of parameters for new drugs, such as per-
formed here, should be performed prior to their use in biomolecular simulations.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Local anaesthetic, anti-epileptic and anti-arrhythmic drugs are
known to target voltage-gated sodium channels residing in cell
ghts reserved.
membranes [1]. The potency of these compounds is positively correlat-
ed with lipophilicity, [2–5] indicating that their ability to enter or cross
membranes is critical to their mechanism of action. It is likely that the
efficacy of these compounds is directly related to their ability to reach
their protein target, where they act to block currents or alter channel ki-
netics [6]. Electrophysiological studies have shown that these com-
pounds can reach their binding site in the centre of the sodium
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Fig. 1. Images of (A) benzocaine, (B) phenytoin and (C) the simulation system. The drugs are coloured according to atom type (carbon cyan, oxygen red, nitrogen blue and hydrogen
white). In (C) Na+ is shown in yellow, Cl− in cyan, phosphorus in brown and the lipid carbons in grey. The transparent surface indicates the volume sampled by water.
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channel pore by one of two routes [7]. Thefirst involves passing through
the intracellular activation gate from the cytoplasmwhen the channel is
open. The second involves passing through an alternative hydrophobic
access route directly from the lipid [7] to yield tonic block of resting
channels. The hydrophobic pathway through the protein was given
clarity in recent studies of bacterial channels, [8–11] and the ability of
a drug to find this passage is critically dependent upon its apportion-
ment into the lipid bilayer as well as its ability to fit through the gap
in the protein. In each case the compounds have to be able to enter or
cross the membrane and so understanding the partitioning of these
compounds between water and lipid is of great importance to under-
standing their mode of action.

In addition to direct interaction between local anaesthetics and sodi-
um channels, the cumulative effect of drugs on the lipid bilayer is also
implicated in anaesthetic action [12]. Even before the nature of cell
membranes was understood, a correlation between the hydrophobicity
of an anaesthetic agent and its potencywas discovered [13,14].More re-
cently anaesthetic action has been tied to changes in the lateral pressure
of a lipid bilayer, a property that can vary along the membrane normal
and possibly affect channel activity by altering the conformational land-
scape [15–17]. The partitioning of anaesthetics into membranes could
also alter other local properties of the bilayer and thus modify the be-
haviour of a range of membrane bound proteins.

As the ability of a huge number of drugs to passively cross the bilayer
is essential to their activity, a great many simulation and experimental
investigations of lipid permeability and water/lipid partitioning have
been conducted (see [18] and references therein). More specifically a
number of simulation studies have examined the interaction between
sodium channel targeting drugs and membranes at atomic detail.
These have included investigations into the thermodynamics of inser-
tion of benzocaine into DPPC and mixed DPPC/DPPS lipid bilayers,
[19,20] and the likely positioning and influence of a DMPC bilayer of
charged and uncharged lidocaine [21,22] and articaine [23] relative to
a DMPC bilayer. Indeed, the free energy of solute transfer from the
water phase into the membrane has been calculated for various
anaesthetic compounds and itwas found that thework to create a cavity
able to locate a permeant solute is lower inside the membrane than in
water, whereas the electrostatic contribution to the solute transfer in-
creases monotonically going from water into the membrane interior.
A balance between these two opposite effects causes dipolar com-
pounds to accumulate at the water/membrane interface, whereas
apolar compounds resided predominantly in the membrane core [18].
This behaviour was qualitatively related to the anaesthetic power of
these compounds, with the most polar compounds that concentrate at
the interface being the most powerful [24]. Polar anaesthetics thus
tend to experience a barrier to cross the centre of the bilayer due either
to the removal of interactions with the polar components of the bilayer
or the compound reducing the lipid mobility when placed in the mem-
brane core. There appear to be specific relationships between solute size
on mobility and partitioning, although there is still some doubt as to
which property is most strongly altered by solute size [18].

The choice of forcefield parameters can have a large influence on the
results of molecular dynamics simulations, but this aspect has not been
thoroughly explored in the context of local anaesthetic partitioning. The
effect of properties such as partial atomic charge on the spontaneity of
lipid partition can be tested in simulation and measured against values
determined by experiment to determine their accuracy. The specific
studies of local anaesthetics described above have employed united
atom force fields and it is possible that this can alter the effective polar-
ity and size of the compounds. In addition, these parameters were not
verified for their ability to reproduce measured partition coefficients.

Here we examine the behaviour of the local anaesthetic benzocaine
(Fig. 1A) and the anti-epileptic phenytoin (Fig. 1B) in a POPCmembrane
and calculate the free energies of drug partitioning and bilayer perme-
ation. The polar surface areas of benzocaine and phenytoin are 54.3 Å2

(24.0% of total) and 69.5 Å2 (23.4% of total) respectively, meaning that
benzocainewould be expected to crossmembranesmore easily.We cal-
culate the results using a range of atomic partial charges to examine
how the choice of these parameters alters the thermodynamics of
partitioning. The comparison between linear benzocaine and the



Table 1
The effect of atomic charges on the octanol–water partition coefficient of phenytoin and
benzocaine.

Phenytoin Benzocaine

Charge determination ΔGoct − ΔGwat Log(Pow) ΔGoct − ΔGwat Log(Pow)

(kcal/mol) (kcal/mol)

HF 6-31G 3.58 ± 0.36 2.62 ± 0.26 1.66 ± 0.13 1.22 ± 0.09
HF 6-31+G* 3.28 ± 0.41 2.41 ± 0.30 3.49 ± 0.29 2.56 ± 0.17
B3LYP 5.49 ± 0.35 4.03 ± 0.26 4.52 ± 0.15 3.31 ± 0.11
CGFF 5.82 ± 0.12 4.27 ± 0.08 3.02 ± 0.14 2.21 ± 0.10
Experiment 1.92–2.47 1.86–1.95
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bulkier phenytoin also allows us to examine the influence of solute size.
Both drugs are shown to favourably partition into the lipid bilayer from
water and are likely to accumulate just inside the lipid headgroups.
From this position they may alter the bilayer properties or directly
enter voltage- gated sodium channels through the hydrophobic access
route. Phenytoin experiences a large barrier to cross the centre of the bi-
layer due to less favourable energetic interactions in this less dense re-
gion of the bilayer. Remarkably, in our simulations both drugs are able
to pull water into the bilayer, creating water chains that extend back
to bulk, and which may modify the local bilayer properties.
A

B

Fig. 2.Atomic densities (A) and free energy profiles for benzocaine and phenytoin as a function
for each drug are shown and error bars are calculated from the standard error derived from br
2. Method

2.1. Partition coefficients

Water/octanol partition coefficients for benzocaine and phenytoin
were determined by calculation of the difference in the free energy of
solvation in octanol and in water. Each of these values was collected
by free energy perturbation experiments in separate simulations
representing the water and octanol phases.

The free energy of transfer from water to octanol can be calculated
according to:

ΔG ¼ ΔGwat−ΔGoct ð1Þ

where ΔGwat is the free energy of hydration and ΔGoct is the free energy
of solvation in octanol. The resulting net free energy values can be com-
bined into a partition coefficient, Pow, using the following relation:

Log Powð Þ ¼ ΔG
2:303RT

ð2Þ

where R is the universal gas constant and T is the simulation
temperature.

The coordinates for the alcohol phase systemswere generated using
packmol [25] with a box size of 48 × 48 × 48 Å, using 463 octanol mol-
ecules placed around the drug and separated by 2 Å. These systems
of position relative to the bilayer centre (B). Results for two different sets of partial charges
eaking the trajectories into 10 ns segments.

image of Fig.�2


Fig. 3. Simulation snapshots showing (A) benzocaine and (B) phenytoin at the position of
the free energy minimum. In each case the drug is shown as coloured vdW spheres, the
phosphorus atoms in brown. The remaining lipid atoms are shown as grey lines and
water as red and white lines.
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were equilibrated for 20 ns, after which the system pressure and total
number of hydrogen bonds had stabilised. The coordinates for the aque-
ous phase systemswere generated using the Solvate plugin in VMD [26]
with a box size of 48 × 48 × 48 Å using the TIP3P water model. The
aqueous phases were ionized using the Autoionize plugin in VMD, to a
physiological salt concentration of 0.15 M. During a 5 ns equilibration,
the density and number of hydrogen bonds in these systems stabilised
after 2–3 ns.

The free energy of solvation for both drugs in water and octanol was
determined using free energy perturbation [27]. For each set of atomic
charges free energy perturbation was performed three times in both
the forward and reverse directions. The reaction was stratified into 40
windows, with lambda values advancing by 0.025 in each. A softcore
potential was utilised to avoid end-point catastrophes. This scaled
down the electrostatic interactions of annihilating particles from
lambda = 0.5 to lambda = 1, and the van der Waals interactions
from lambda = 0 to lambda = 1. Each window was equilibrated for
0.5 ns, and data collection/ensemble averaging took place for a further
1 ns per window.

2.2. Drug parameters

Partial charges for benzocaine and phenytoin were determined in 4
ways, yielding four separate parameter sets varying in polarity. In the
first of these, atomic charges were determined by analogy to similar
atom types in the CHARMM general forcefield (CGFF) [28]. The remain-
ing three sets of partial chargeswere all obtained by conducting ab-initio
geometry optimisation and then fitting the charges to the electrostatic
potential using the program GAUSSIAN03 [29] and the Merz–Kollman
(MK) electrostatic fitting method [30,31]. The difference between these
charge sets arises from the theory and basis set used in the calculations
which were either B3LYP/6-31+G* (referred to as B3LYP from here),
HF/6-31G, and HF/6-31+G*. In the last case atomic charges were aver-
aged across atoms with the same chemical environment. The values of
the charges used are given in Tables S1 & S2. A consistent order of polar-
ity is seen amongst these charge sets for benzocaine and phenytoin, with
theCGFF charges having the lowestmagnitude, B3LYP having intermedi-
ate magnitude and the HF methods yielding the most polar molecules.
van der Waals and Bond parameters were taken from similar atom
types in the CHARMM27 force field [32].

2.3. Lipid partitioning

The free energy (potential of mean force) for drug partitioning into a
lipid bilayer for each drugwas determined using themethod of umbrel-
la sampling, [33] with a separate set of simulations for each drug. In
these, the centre of mass of the drug was held at 1 Å intervals in the di-
rection of the membrane normal, as calculated from the distance be-
tween the centre of mass of the drug and the lipid phosphorus atoms,
using a harmonic potential with a force constant of 2 kcal mol−1 Å−2.
The drug was equilibrated at each position for 10 ns prior to 30 ns of
data collection. Collective analysis of the drug positions was made
with the weighted histogram analysis method [34,35] using the imple-
mentation of Grossfield [36] to yield the final free energy profiles. Error
bars were calculated by dividing the 30 ns trajectory into 10 ns blocks
and determining the standard error in the free energy found from
each of these. All results are calculated from bulk into the centre of the
bilayer, and mirrored to produce a PMF traversing the entire bilayer.
The 53 × 53 Å POPC bilayer was created using the membrane builder
plugin in VMD and solvated with TIP3P water and 150 mM NaCl to
yield a final system that was 53 × 53 × 95 Å in size after equilibration
as depicted in Fig. 1C.

All simulations were run with NAMD 2.8 [37], using the CHARMM27
forcefield for octanol [32], CHARMM36 for lipids [38], ion parameters
from Joung and Cheatham [39] and with water described by the TIP3P
model. Periodic boundary conditions were applied, with the particle
mesh Ewald scheme for calculating electrostatic interactions. Constant
temperature (298 K) and pressure (1 atm) were maintained (NPT en-
semble) using Langevin dynamics and a Langevin piston. Bonds to hydro-
gen atoms were fixed to allow for a timestep of 2 fs. The van der Waals
cutoff was set at 12 Å. The polar surface area of eachmolecule was calcu-
lated using the SurfArea program from Cidrux Pharminfomatics.

3. Results

3.1. Water/octanol partitioning

The effect of different atomic charges on the octanol–water parti-
tion coefficient of benzocaine and phenytoin is demonstrated in
Table 1. In each case the forward and reverse reactions agreed to
within 1–2 kcal/mol (Tables S3 & S4). As expected, more polar drug
molecules – those with atomic charges of greater magnitude – tended
to have greater interaction energies with both water and octanol. This
is reflected in the radial distribution functions measuring hydrogen
bonding to the octanol hydroxyl moiety, which show greater peaks in
the Hartree–Fock-paramaterised charge sets than in the less-polar
B3LYP or CGFF charge sets (Figure S3). The difference between these in-
teraction energies led to the calculated changes in Log(Pow) with the



102 L.J. Martin et al. / Biophysical Chemistry 185 (2014) 98–107
less polar versions of the drugs showing stronger partitioning into
octanol than the more polar ones.

Observed Log(Pow) values for phenytoin fall between 1.92 and 2.47
[40–42]. Benzocaine has a comparatively lower affinity for the organic
phase, with observed log(Pow) values of between 1.86 and 1.95
[43–45]. In our simulation systemweget the closest agreementwith ex-
periment with the HF charge set for phenytoin and the CGFF charge set
for benzocaine. To better understand how the choice of charges might
influence lipid partitioning we compare the CGFF and HF charge sets
in our subsequent partitioning studies.

3.2. Partitioning into lipid

To determine if benzocaine and phenytoin will partition into a POPC
membrane we determined the free energy of each drug as a function of
its position relative to the bilayer. As can be seen by the position of the
free energy minimum in Fig. 2 both drugs prefer to reside inside the bi-
layer rather than in water. The most favoured position to reside is just
inside the lipid headgroups, as shown pictorially in Fig. 3 where the hy-
drophobic portion of the molecule can be buried in the interior of the
membrane while the polar portion of the drug can interact with the
lipid headgroups and water. Compared to bulk, this location is favoured
by 2–4 kcal/mol for benzocaine and 3–6 kcal/mol for phenytoin de-
pending on the specific choice of atomic charges. Beyond this point
both drugs see an energy barrier to pass through the centre of the bilay-
er before finding a second minimum in the other bilayer leaflet. The
depth of the free energyminima seen with the different atomic charges
relate directly to the magnitude of the atomic partial charges. The less
polar CGFF charges yield a deeper energy minimum, implying stronger
A

C

Fig. 4.Orientations of eachdrug relative to the plane of themembrane as a function of its positio
carbon on the far side on the aromatic ring (benzocaine) or the carbon atom joining the pheny
deviation, while the grey regions show the range of values sampled during the 30 ns simulatio
partitioning into the bilayer, while the more highly charged HF charges
yield less deep minima as expected.

Not surprisingly, the desire of both drugs to have their polar end
interact with either the lipid headgroups or water means that the
drug has preferred orientations relative to the bilayer that change
as a function of position. This is pictured in Fig. 4 in which the aver-
age orientation, standard deviation as well as the maximum and
minimum values of the drug relative to the plane of the bilayer are
shown. When in bulk the drugs have no preferred orientation, how-
ever this changes near the position of the free energy minima where
the polar/apolar asymmetry in each drug aligns the molecule to
point along the bilayer normal.

One of the most surprising aspects of this study is that both benzo-
caine and phenytoin are able to coordinate with water molecules,
evenwhen in the centre of the bilayer. To demonstrate this we calculate
the number of coordinating water molecules (defined as those within
2.8 Å of the drug) as a function of drug position as plotted in Fig. 5. As
the drugs move through the membrane the number of coordinating
water molecules decreases to the bilayer centre. However, even when
buried deep in the membrane core, some water molecules are present
around each drug. This is most obvious for the more polar version of
phenytoin, where the average number of coordinating water molecules
never drops below two. Examination of the simulation trajectories
shows that in this case two water molecules remain hydrogen bonded
to phenytoin (Fig. 6C) andmove through the bilayer with the drug. Phe-
nytoin has a slightly lower coordination number in the centre of the bi-
layer with the CGFF charges than with the HF charges, indicating that
the less polar version is less likely to pull water through the bilayer.
The average number of water molecules surrounding benzocaine in
B

D

n. The orientation is defined by the line joining themost remote nitrogen atom to either the
l rings (phenytoin). The average value and data points show the mean value and standard
ns.

image of Fig.�4
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C

Fig. 5. The number of watermolecules directly coordinating (A) benzocaine and (B) phenytoin as a function of drug position. (C) The proportion of the time that a continuouswater chain
extends from the drug to bulk as a function of drug position.
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the centre of themembrane is less than for phenytoin and close to zero,
but the standard deviation in the coordination number indicates that
sometimes benzocaine also directly contacts water when deep in the
hydrophobic membrane core.

An evenmore remarkable finding is that not only can both drugs in-
teract with water in the centre of the bilayer, but that some of the time
this water forms a continuous chain that connects back to bulk. First ev-
idence for this comes from the fact that the water contacting the drugs
can exchange with water in bulk, even when the drug is in the bilayer
core. These water chains are also seen visually in the simulation trajec-
tories as shown in the snapshots in Fig. 6B & D. Here it can be seen that
the bilayer distorts slightly, allowing water molecules to penetrate to
theburied drugmolecule.Wenote thatwhen thedrugs are in the centre
of the membrane these water chains are transitory, forming and break-
ing a number of times during the simulation. To quantify this in Fig. 5C
we plot the proportion of the time that a continuous water chain is
formed from the drug to bulk as a function of drug position. For both
drugs and both sets of atomic charges, this continuous chain forms the
majority of the time until the drug is very close to themembrane centre.
The probability of this chain forming drops dramatically near the bilayer
centre, but never reaches zero. Presumably the chance of such chain
forming will also be dependent upon the bilayer thickness. Such
‘snorkelling’ has been reported for charged compounds in experiment
[46] and simulation [47]. This behaviour is also observed for charged
Fig. 6. Simulation snapshots showing (A & B) benzocaine and (C & D) phenytoin at the centre o
phenytoin is in contactwith twowatermolecules and benzocaine none. In (B) and (D) snapshot
highlighted.
and neutral amino acid residues on the surface of a protein [48,49]. To
our knowledge, no examples of snorkelling by unchargedmolecular sol-
utes have been reported.

As with previous studies in DPPC, benzocaine experiences a slight
energy barrier when passing through the lipid headgroups [19,20].
However, the magnitude and shape of the profiles seen here are quite
different to those in previous studies. The depth of thewell seen for ben-
zocaine here (2–4 kcal/mol) is less than in the previous study for DPPC
(5.8 kcal/mol), and notablywe see an energy barrier in the centre of the
bilayer not present in the previouswork.Muchof this difference is likely
due to the different force fields and parameters used in the studies. Of
particular note, the previous work uses a united atom force field in
which hydrogen atoms are merged with heavy atoms. This yields a
less polar version of benzocaine which is likely to move further into
the core of the bilayer, and the snorkelling phenomenon seen here is
not reported in those studies.

To understand the reason for the barrier seen by both drugs in the
centre of the bilayer, in Fig. 7 we plot the total interaction energy of
the drug with the rest of the system as well as the specific drug–water
and drug–lipid interactions. While these interaction energies are only
one factor contributing to the free energies, they do help to explain
the shape of the free energy profiles. As expected, the average drug–
water interaction energy decreases as the drug enters the bilayer and
is replaced by interactions with the surrounding lipid molecules. The
f the bilayer. In (A) and (C) snapshots are taken when there is no water chain to bulk and
s are takenwhen a continuouswater chain exists andwatermolecules close to thedrug are
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total interactionwith the lipid tends to be stronger than that withwater
and this is the reason why the drugs partition into the bilayer. The bar-
riers at the centre of the bilayer seen by each drug could be a conse-
quence of entropic factors such as a reduction in the mobility of the
lipid tails when the drug is present. However, Fig. 7 indicates that the in-
teraction energies provide a more likely explanation. The magnitude of
both the drug–water and the drug–lipid interaction decreases in the
centre of the bilayer due to the lower density of atoms in this region
(see Fig. 2A). Even though it is easier to create a cavity for the drug in
the centre of the bilayer which would entropically favour the drug at
this position, the lower interaction energies disfavours the presence of
the drug. A consequence of this is that the more polar versions of the
drugs see a larger barrier as they aremore influenced by direct energetic
interactions.

4. Conclusions

In this manuscript we have examined the thermodynamics and
structural aspects of the partitioning of benzocaine and phenytoin into
a lipid bilayer. In order to validate our simulation parameterswefirst cal-
culated water–octanol partitioning coefficients which can be compared
Fig. 7. Energy decomposition. The average interaction energy of each drug with water and lipid
each window of the umbrella sampling, while the dashed lines show the moving average of 3 d
and zeroed in bulk water (right hand side of each graph).
to well characterised experimental values. Different methods for deter-
mining the atomic partial charges resulted in significant differences in
the polarity of the molecules, and the specific choice of charges can
have a significant influence on the portioning of these drugs between
these phases. While this comparison is not a complete test of drug pa-
rameters, it does offer a warning as to how much these parameters can
alter quantitative simulation results. We believe that simulating water/
octanol partitioning can be a useful step in validating the final choice of
charges prior to their use in more complex simulations.

Both drugswere found tomove favourably into the lipid bilayer, and
can be expected to reside just inside the polar lipid headgroups. From
this position they may either influence bilayer properties or access tar-
get membrane proteins such as the voltage-gated sodium channels to
exert their anaesthetic action.

The current understanding of drug-binding in these channels con-
siders the cytosolic activation gate as the main route of access for
channel-blocking drugs [8]. However, recent demonstration of an alter-
native access route in a bacterial voltage-gated sodium channel, which
is apparently lipid-filled, may allow for drug-passage through the lipid
membrane [7]. This entrance to this so-called hydrophobic fenestration
coincides with the centre of the bilayer and so also with the energy
is plotted as a function of drug position. Data points represent the average energy within
ata points. The sum of the drug–water and drug–lipid interactions is shown as drug-total

image of Fig.�7
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barrier seen in our results. Drugs may avoid this barrier by interacting
with the protein as they reach the centre of the bilayer, but it is possible
that the height of the barrier could influence the rate at which drugs
enter or leave the fenestrations as well as influencing drug-access to
the cytosol and from there the activation gate. The barrier in the centre
of the bilayer could thus have a significant effect on the use-dependence
and thus the therapeutic applications of channel-blocking drugs.

Remarkably, both drugs are able to drag water deep into the bilayer.
In theirmost favoured position, both compounds are surrounded on one
side by water molecules extending back to bulk. Even if they penetrate
further into the bilayer we find that they can either pull bound water
molecules with them or create a continuous chain of water molecules
extending back to bulk. These situations could affect the interactions be-
tween the lipid bilayer and embedded proteins, which is an alternative
mechanism of anaesthetic action [15]. While most studies of the effects
of lipid bilayers on proteins focus on changes to the lateral pressure
profile [15–17], none have specifically acknowledged the effect of
snorkelling or water penetration generated by anaesthetic drugs. Bilay-
er deformation has been demonstrated to influence an archaeal potassi-
um channel, facilitated by charged arginine residues in the voltage-
sensing domain [50]. Thus, it is possible that snorkelling by local
anaesthetics can perturb the interfacial interactions around ion
channels and thus affect their voltage-sensing behaviour. Since we
use a simple pure lipid in our simulations our results are not
representative of a bacterial or eukaryotic membrane, which may
be important as lipid composition has been shown to affect the
bacterial sodium channel NaChBac [51].
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bpc.2013.12.003.
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